University of South Florida

Scholar Commons
Graduate Theses and Dissertations

Graduate School

November 2018

Development of a New Piezoelectric-based Energy Harvesting
Pavement System
Lukai Guo
University of South Florida, lukai@mail.usf.edu

Follow this and additional works at: https://scholarcommons.usf.edu/etd
Part of the Urban Studies and Planning Commons

Scholar Commons Citation
Guo, Lukai, "Development of a New Piezoelectric-based Energy Harvesting Pavement System" (2018).
Graduate Theses and Dissertations.
https://scholarcommons.usf.edu/etd/8116

This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has
been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Scholar
Commons. For more information, please contact scholarcommons@usf.edu.

Development of a New Piezoelectric-based Energy Harvesting Pavement System

by

Lukai Guo

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Civil and Environmental Engineering
College of Engineering
University of South Florida

Major Professor: Qing Lu, Ph.D.
Manjriker Gunaratne, Ph.D.
Jing Wang, Ph.D.
Andres E. Tejada-Martinez, Ph.D.
Gabriel Picone, Ph.D.

Date of Approval:
June 1, 2018

Keywords: electromechanical model, finite element model, laboratory test, optimization
Copyright © 2018, Lukai Guo

DEDICATION

This dissertation is dedicated to my father, Genlin Guo and my mother, Xiaoyan Lu for
their endless love, patience, and understanding, and to my loving wife, Yuntao Liu, and my
lovely daughter, Olivia Guo, for your support, fun, and love.

ACKNOWLEDGMENTS

Let me express my deepest gratitude to my advisor, Dr. Qing Lu, for his constant
guidance and support throughout my master and Ph.D. program. I thank him for his active
encouragement, excellent inspiration and invaluable ideas that gave me the chance to learn and
experience research. I also would like to thank Dr. Gunaratne, Dr. Wang, Dr. Tejada-Martinez,
and Dr. Picone for serving on my dissertation committee. Special thanks to the teammate of my
research group, Chunfu Xin, MD Mokaddesul Hoque, Shihab Uddin, who encouraged each other
during doctoral studies.

TABLE OF CONTENTS
LIST OF TABLES ......................................................................................................................... iii
LIST OF FIGURES ....................................................................................................................... iv
ABSTRACT ................................................................................................................................. viii
CHAPTER 1: INTRODUCTION ....................................................................................................1
1.1 Background ....................................................................................................................1
1.2 Basic Concepts of Piezoelectric Effect ..........................................................................3
1.3 Potential Power Output from a Piezoelectric Element in Theory ..................................6
1.4 Organization of the Dissertation ....................................................................................7
CHAPTER 2: LITERATURE REVIEW .......................................................................................10
2.1 Background of Piezoelectric Effect Application for Energy Generation ....................10
2.2 Piezoelectric Effects for Energy Harvesting Pavement - Studies by
Mathematical Models...................................................................................................16
2.3 Piezoelectric Effects for Energy Harvesting Pavement - Studies by Laboratory
Tests .............................................................................................................................19
2.4 Piezoelectric Effects for Energy Harvesting Pavement - Studies by Field Tests ........19
2.5 Current Methods of Storing Electricity Generated from PZT Transducer ..................21
2.6 Potential of Electrical Energy Generation from a PZT Transducer System in
the Florida Pavement Network ....................................................................................22
2.7 Cost-Effectiveness Analysis of the Energy Harvested by the PZT Transducer
System ..........................................................................................................................24
2.8 Discussion ....................................................................................................................27
CHAPTER 3: DESIGN OF AN ENERGY HARVESTING PAVEMENT SYSTEM .................28
3.1 General Design Concept of PZ-EHPS .........................................................................28
3.2 Details of Integrated PZ-EHPS Segments ...................................................................32
3.2.1 Design of Conductive Asphalt Layer ............................................................32
3.2.2 Design of Piezoelectric Layer .......................................................................34
3.2.3 Segmentation and Integration Method of PZ-EHPS.....................................35
CHAPTER 4: LABORATORY TESTS ON PZ-EHPS PROTOTYPE ........................................37
4.1 Material Options and Their Properties in PZ-EHPS ....................................................37
4.1.1 Options of Conductive Asphalt Concrete Designs .......................................37
4.1.2 Options of Piezoelectric Element Designs ....................................................39
4.2 Experimental Design of Energy Harvesting Layers in Laboratory .............................41
4.2.1 Preparation of Conductive Asphalt Mixture .................................................41
i

4.2.2 Preparation of Proposed Energy Harvesting Structure .................................45
4.2.3 Design of Testing System .............................................................................46
4.3 Laboratory Test Results ...............................................................................................48
4.3.1 Resistance of Conductive Asphalt Mixtures .................................................48
4.3.2 Voltage Outputs from PZ-EHPS Specimens ................................................50
4.4 Observation on Conductive Asphalt Mixtures Using X-Ray Computed
Tomography .................................................................................................................54
4.5 Summary ......................................................................................................................58
CHAPTER 5: MODELS OF PZ-EHPS .........................................................................................61
5.1 Electromechanical Model of PZ-EHPS Prototype .......................................................61
5.2 Finite Element Models of PZ-EHPS Prototype ...........................................................65
5.2.1 FEMs of PZ-EHPS Specimens in the Laboratory.........................................65
5.2.2 FEMs of PZ-EHPS Under Road Traffic Conditions.....................................68
5.3 Laboratory Verification ...............................................................................................72
CHAPTER 6: EFFECTS OF DESIGN PARAMETERS ON ELECTRICAL OUTPUTS
FROM PZ-EHPS .....................................................................................................................76
6.1 Electromechanical Model Results................................................................................76
6.1.1 Effects of Mr and ζ on Electrical Outputs from PZ-EHPS ...........................77
6.1.2 Effects of Cp and e33 on Electrical Outputs from PZ-EHPS .........................78
6.1.3 Effects of 𝜔𝑛𝑝 and n on Electrical Outputs from PZ-EHPS...........................79
6.1.4 Effects of Q and ω on Electrical Outputs from PZ-EHPS ............................80
6.1.5 Maximum Outputs from Simple PZ-EHPS and Optimized PZ-EHPS .........80
6.2 Results from FEMs of PZ-EHPS Specimens in the Laboratory ..................................82
6.2.1 Stiffness of Insulative Filler ..........................................................................82
6.2.2 PZT Element Shape ......................................................................................83
6.2.3 PZT Element Size .........................................................................................86
6.3 Results from FEMs of PZ-EHPS Segments Under Traffic Conditions .......................89
6.3.1 Type of Piezoelectric Layer (Rigid or Flexible) ...........................................89
6.3.2 PZ-EHPS Segment Length ...........................................................................91
6.3.3 Vehicle Speed ...............................................................................................92
6.3.4 Vehicle Spacing ............................................................................................93
6.4 Cost-effectiveness Analysis of PZ-EHPS ....................................................................95
6.5 Discussions ..................................................................................................................97
CHAPTER 7: CONCLUSIONS AND FUTURE WORKS ........................................................100
7.1 Summary of Contributions.........................................................................................100
7.2 Future Research Directions ........................................................................................103
REFERENCES ............................................................................................................................105
APPENDIX A: PERMISSION TO REPRODUCE MATERIAL ...............................................113

ii

LIST OF TABLES
Table 2.1:

Studies of the PZT systems in pavement. ................................................................ 12

Table 2.2:

Performance of supercapacitor vs. performance of rechargeable battery. ............... 22

Table 2.3:

Inputs for cost-effectiveness analysis of the PZT system. ....................................... 26

Table 4.1:

Electrically-conductive asphalt mixtures with additives in previous studies. ......... 39

Table 4.2:

Properties of different piezoelectric materials (Shen et al., 2007). .......................... 40

Table 4.3:

Components of conductive asphalt mixtures. .......................................................... 42

Table 4.4:

Resistance measured on three different conductive asphalt mixtures (kΩ). ............ 50

Table 5.1:

Values of material property parameters used in FEMs. ........................................... 66

Table 5.2:

PZ-EHPS layer design and properties used in FEMs. ............................................. 71

Table 5.3:

Parameters of material properties used in control variables. ................................... 73

iii

LIST OF FIGURES
Figure 1.1: Physical explanation for each term in the piezoelectric coupling equation. .............. 4
Figure 1.2: Vibration of mass-damping-spring-equivalent damping system. .............................. 6
Figure 1.3: Flowchart of dissertation work. ................................................................................. 8
Figure 2.1: Types of PZT energy harvesters in the pavement: a) PZT cymbal; b) PZT
pile; c) PZT stack; d) PZT cantilever. ...................................................................... 15
Figure 2.2: Distribution of electrical energy density from the PZT transducer system. ............ 24
Figure 2.3: LCOE from PZT transducer system vs. service year of PZT transducer vs.
traffic volume. .......................................................................................................... 26
Figure 3.1: Concept for transforming piezoelectric transducer into PZ-EHPS. ......................... 28
Figure 3.2: PZT elements in the piezoelectric layer: a) piezo cylinder; b) piezo curved
roof; c) piezo ball. .................................................................................................... 35
Figure 3.3: a) Initial design of an integrated PZ-EHPS; b) Interconnection between
outlet joints of segments and full-wave rectifiers. ................................................... 36
Figure 4.1: Conductive DGAC specimens fabricated in the laboratory. .................................... 44
Figure 4.2: Conductive SMA-12.5 specimens fabricated in the laboratory. .............................. 44
Figure 4.3: Conductive SMA-19 specimens fabricated in the laboratory. ................................. 45
Figure 4.4: PZT disks inserted into the dried POP mixture. ...................................................... 46
Figure 4.5: Measuring electrical output from specimens loaded in MTS. ................................. 47
Figure 4.6: Examples of the voltage output from PZ-EHPS specimen displayed on the
screen. ...................................................................................................................... 48
Figure 4.7: Measuring the resistance of one conductive asphalt mixture specimen. ................. 49

iv

Figure 4.8: Voltage output from the PZ-EHPS specimen with conductive DGAC
mixture and POP filler under a harmonic loading of 75 pounds (about 333
N) at 0.5 Hz. ............................................................................................................. 51
Figure 4.9: Voltage output from the PZ-EHPS specimen with conductive DGAC
mixture and POP filler under a harmonic loading of 75 pounds (about 333
N) at 1 Hz. ................................................................................................................ 51
Figure 4.10: Voltage output from the PZ-EHPS specimen with conductive DGAC
mixture and POP filler under a harmonic loading of 125 pounds (about 556
N) at 1.5 Hz. ............................................................................................................. 52
Figure 4.11: Voltage output from the PZ-EHPS specimen with the conductive SMA-12.5
mixture and POP filler under a harmonic loading of 400 pounds (about 1778
N) at 0.5 Hz. ............................................................................................................. 52
Figure 4.12: Voltage output from the PZ-EHPS specimen with conductive SMA-19
mixture under a harmonic loading of 20 pounds (about 88 N) at 1 Hz. .................. 53
Figure 4.13: Voltage output from the PZ-EHPS specimen with conductive SMA-19
mixture under a harmonic loading of 30 pounds (about 133 N) at 1 Hz. ................ 53
Figure 4.14: One CT image of conductive asphalt mixture specimen. ........................................ 54
Figure 4.15: 3D mesh built by 3D reconstruction from CT scan images on conductive
DGAC specimen. ..................................................................................................... 56
Figure 4.16: 3D mesh built by 3D reconstruction from CT scan images on the conductive
SMA-12.5 specimen. ............................................................................................... 56
Figure 4.17: 3D mesh built by 3D reconstruction from CT scan images on the conductive
SMA-19 specimen. .................................................................................................. 57
Figure 4.18: 3D meshes imported into COMSOL Multiphysics for further FEM analysis. ........ 58
Figure 5.1: Three-degree-of-freedom model of PZ-EHPS prototype. ....................................... 61
Figure 5.2: Schematic symbol and electronic model of PZ-EHPS. ........................................... 63
Figure 5.3: a) FEM of PZ-EHPS specimen; b) PZ-EHPS specimen.......................................... 66
Figure 5.4: A rectangular pulse defined by a rectangular function in COMSOL
Multiphysics. ............................................................................................................ 69
Figure 5.5: Initial location of each vehicle tire defined by an analytic function in
COMSOL Multiphysics. .......................................................................................... 69
v

Figure 5.6: Moving loads from one vehicle on one PZ-EHPS segment in FEMs. .................... 71
Figure 5.7: One 3D FEM example of the PZ-EHPS. ................................................................. 72
Figure 5.8: Output voltage results from laboratory tests and electromechanical model. ........... 74
Figure 5.9: Electric potential inside the PZ-EHPS specimen. .................................................... 75
Figure 6.1: Effects of properties of conductive asphalt mixtures (Mr and ζ) on the output
voltage and output power from PZ-EHPS under two external vibration
frequencies: (a) 1 Hz and (b) 30 Hz. ........................................................................ 77
Figure 6.2: Effects of the electromechanical properties of piezoelectric elements (Cp and
e33) on the output voltage and output power from PZ-EHPS under two
external vibration frequencies: (a) 1 Hz and (b) 30 Hz. .......................................... 78
Figure 6.3: Effects of the design of piezoelectric elements (𝝎𝒑𝒏 , n) on the output voltage
and the output power from PZ-EHPS under two external vibration
frequencies: (a) 1 Hz and (b) 30 Hz. ........................................................................ 79
Figure 6.4: Effects of external dynamic load conditions (Q and ω) on the output voltage
and output power from PZ-EHPS. ........................................................................... 80
Figure 6.5: Output voltage and output power from a simple PZ-EHPS connected by
external load resistances under different levels of vibrational frequencies. ............ 81
Figure 6.6: Output voltage and output power from optimized PZ-EHPS connected by
external load resistances under different levels of vibrational frequencies. ............ 82
Figure 6.7: Output voltages from PZ-EHPS specimens with different insulative fillers. .......... 83
Figure 6.8: Outputs from FEMs of PZ-EHPS with two PZT element shapes under 88 N
load........................................................................................................................... 85
Figure 6.9: Voltage outputs from different PZ-EHPS specimens with or without
insulative fillers. ....................................................................................................... 86
Figure 6.10: Voltage outputs from PZ-EHPS specimens having piezo cylinders with
different thickness. ................................................................................................... 88
Figure 6.11: Voltage outputs from PZ-EHPS specimens having piezo balls with different
diameters. ................................................................................................................. 88
Figure 6.12: Open-circuit voltage outputs from a 12-meter PZ-EHPS segment with a
rigid piezoelectric layer under a moving load at 20 m/s. ......................................... 90

vi

Figure 6.13: Open-circuit voltage outputs from a 12-meter PZ-EHPS segment with a
flexible piezoelectric layer under a moving load at 20 m/s. .................................... 91
Figure 6.14: Open-circuit voltage outputs from PZ-EHPS with a) a rigid piezoelectric
layer divided into two segments; b) a rigid piezoelectric layer divided into
four segments; c) a flexible piezoelectric layer divided into two segments; d)
a flexible piezoelectric layer divided into four segments. ....................................... 92
Figure 6.15: Open-circuit voltage outputs from PZ-EHPS under a moving load at 40 m/s
with a) a rigid piezoelectric layer; b) a flexible piezoelectric layer. ........................ 93
Figure 6.16: Open-circuit voltage outputs from PZ-EHPS under two continuously
moving traffic loads with a) a rigid piezoelectric layer; b) a flexible
piezoelectric layer. ................................................................................................... 94

vii

ABSTRACT

A novel design of a piezoelectric-based energy harvesting pavement system (PZ-EHPS)
is introduced in this dissertation work. The design concept of this PZ-EHPS is to transform
asphalt layers into a piezoelectric energy harvester to collect dissipated vehicle kinetic energy in
a large-scale system, relying on two conductive asphalt layers and one piezoelectric material
layer. To verify the feasibility of the above design concept, this dissertation work practically
fabricated and tested a series of PZ-EHPS specimens under the loads from a Material Testing
System (MTS) in the laboratory, and theoretically analyzed one typical PZ-EHPS specimen via a
three-degree-of-freedom electromechanical model and a series of finite element models (FEMs).
As a result, the voltage output from the PZ-EHPS specimen captured in the laboratory matched
those estimated in the theoretical models. Considering that the PZ-EHPS segments will be paved
in the field on a large scale, another series of finite element models at a system level were built to
simulate the operation of PZ-EHPS segments under traffic conditions.
During laboratory tests on the PZ-EHPS specimens fabricated in this dissertation work,
three conductive asphalt mixture specimens of different mixture types (i.e., DGAC, SMA-12.5,
SMA-19) were built as conductive layers, and PZT disks with or without plaster of Paris (POP)
were built as the piezoelectric layer. Through measuring and comparing the resistance of those
three conductive asphalt mixtures used in this PZ-EHPS specimen, it was observed that the
conductive SMA-12.5 mixture has a better overall conductance with less average resistance (8.57
kΩ) and smaller deviation (5.31 kΩ) based on the repeated measurements. For the piezoelectric
viii

layer design, the filler, especially the stiff one, did play an essential role in the performance of
the PZ-EHPS specimen: it can lead to a poor contact condition between the PZT disks and the
conductive asphalt mixtures. Such a poor contact condition can weaken the voltage output from
the PZ-EHPS specimen. The maximum voltage output from the PZ-EHPS specimen was
captured when the POP filler was removed: without POP, the voltage output from the proposed
energy harvesting layer could reach 7.6 V when the amplitude of the sinusoidal load was
increased to 133 N at 1 Hz.
Regarding general design parameters of the PZ-EHPS at a component level, the results
from the electromechanical model showed that using more flexible conductive asphalt mixtures
and using piezoelectric elements with higher piezoelectric stress constant can increase electrical
outputs from the PZ-EHPS. Meanwhile, for the PZT element with a high natural frequency in
such a three-layered structure, adding more PZT elements can compensate for the limitation of
decreasing natural frequency of a PZT disk to produce higher voltage output from the PZ-EHPS
under very low frequency (1 Hz) vibration. Under relatively high frequency (30 Hz) vibration,
the benefit from adding more PZT disks to produce higher voltage outputs disappears, however,
the positive effect of each piezoelectric element’s capacitance on increasing the voltage output
from the PZ-EHPS specimen turns to be significant.
Compared to the electromechanical model, FEMs are capable of better analyzing some
detailed PZT element designs with or without insulative fillers in the PZ-EHPS at a component
level. The results from the FEMs of the PZ-EHPS specimens in the laboratory found that a thin
piezoelectric layer with piezo ball elements and a low stiffness insulative filler has the significant
advantage of producing up to 85 V electricity. Piezo cylinder elements may fit a thick and stiff
piezoelectric layer better than the piezo ball and lead to a high voltage output up to 50 V. To
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strike a balance between structural performance and electricity generation of the PZ-EHPS, tall
piezo cylinder elements may be used.
Through simulating the operation of PZ-EHPS segments under traffic conditions in
another series of finite element models, it confirmed that the PZ-EHPS with a rigid piezoelectric
layer produces more electricity than the one with a flexible piezoelectric layer. For a singlevehicle scenario, if each PZ-EHPS segment length equals the vehicle wheelbase length,
consecutive PZ-EHPS segments may constantly supply high electricity as the vehicle moves over
the segments. Higher vehicle speed can result in higher voltage output from the PZ-EHPS. For a
multiple-vehicle scenario, however, the voltage output generated by a second vehicle will be
reduced if the first vehicle is still on the same PZ-EHPS segment.
Based on the results from the three-degree-of-freedom electromechanical model of the
three-layered structure of a PZ-EHPS specimen under vibration, after optimizing this PZ-EHPS
prototype by adding more piezoelectric elements with higher piezoelectric stress constant and
improving the flexibility of conductive asphalt mixtures, the maximum electric power from the
proposed EHPS can be increased from approximately 1.2 mW to 300 mW under a high
frequency (30 Hz) external vibration. The levelized cost of electricity of this EHPS can be
$19.15/kWh on a high-volume roadway within a 15-year service life.

x

CHAPTER 1: INTRODUCTION

1.1 Background
In the U.S., roadways play a critical role in the transportation sector. Among the national
energy production, one third is consumed by the transportation sector, in which over 80 percent
is used by road transportation (EIA, 2015; USDOE, 2014). Every day, on the 6-million km
roadways in the U.S., rolling resistance from pavements and vehicle vibration waste a
considerable amount of vehicle kinetic energy (Lu and Segal, 1986; Holmberg et al., 2012;
Gunselmann, 2005). Solar radiation absorbed by pavement surface is mostly unutilized, which
may lead to a negative impact such as heat island effect in urban areas (Asaeda and Ca, 1996;
Kaloush et al., 1996). If these wasted energies can be collected and converted to a usable form,
such as electrical energy, pavement can be turned into a new “energy farm” in the future.
The idea of harvesting energy from pavement has recently triggered a noticeable amount
of research interest and effort in the academic community. Studies have been conducted on
various aspects of energy harvesting pavement, including the theoretical analysis of energy
conversion and storage processes, structural design of energy harvesting facilities, laboratory
testing with protocol models, and trials with field test sections. The last ten years have witnessed
a significant increase in the numbers of research proposals and publications in this area. Most of
the work, however, has focused on specific technical details of adding an energy harvesting
device into the pavement and evaluating its power output potential.
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Specifically, a photovoltaic-based energy harvesting system, consisting of specially
designed photovoltaic panels, is paved on the pavement surface to directly convert solar energy
to electricity (Northmore and Tighe, 2012; Mehta et al., 2015; Dhoke and Ghutke, 2017); a
thermoelectric-based energy harvesting system, relying on a pipe system or metal rods to
produce sufficient temperature difference on a thermoelectric generator, is set in the base course
of a pavement to generate electricity based on the Seebeck effect (Hasebe et al., 2006; Wu and
Yu, 2012; Jiang et al., 2017); or a piezoelectric-based energy harvesting system, with a series of
piezoelectric transducers, is embedded inside the surface layer of a pavement to convert kinetic
energy to electricity (Kim et al., 2006; Zhao et al., 2010; Kim et al., 2012; Jiang et al., 2014;
Urquiza and Fernandez, 2016; Roshani et al., 2016; Xiong and Wang, 2016; Jung et al., 2017).
Each of the above energy harvesting techniques has its irreplaceable advantages with
some inevitable challenges. The photovoltaic-based energy harvesting system has the highest
energy output under direct sunlight, but any severe contamination on the transparent layer can
deteriorate its efficiency. The necessity of paving photovoltaic panels on roadways is also
arguable: they may be placed along a roadway (e.g., within a median), where solar energy is also
available, to avoid negative impacts on the ride quality of pavements. The thermoelectric-based
energy harvesting system may mitigate the heat island effect of pavements in urban areas, but its
electricity output is limited by the efficiency of Seebeck effect and the temperature difference
between the pavement surface and base courses. The piezoelectric-based energy harvesting
system can supply the highest voltage output under traffic loading, but it may be easily damaged
under repetitive traffic loads. Currently, these systems are still unable to fulfill the full potentials
of what an energy-scavenging pavement can offer. Even worse, the mode of “inserting off-the-
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shelf functional devices into a pavement” changes the pavement structure and replaces traditional
paving materials, which may negatively impact the basic service performance of the pavement.
An ideal energy harvesting pavement should be developed following a proper and nonintrusive transformation process to avoid any of the aforementioned “side-effects”: its structure
shall be only “fine-tuned” and its energy harvesting function shall be based on well-developed
multifunctional paving materials. Among all energy harvesting techniques, the application of
piezoelectric transducers on producing electricity from pavement seems promising and can be
further developed based on the above design principles. This dissertation aims to develop a new
piezoelectric-based energy harvesting pavement system (PZ-EHPS), verify its feasibility by a
series of laboratory tests, and analyze the design parameters of this PZ-EHPS by models for
further optimization.
1.2 Basic Concepts of Piezoelectric Effect
In the piezoelectric effect, electricity can be generated when piezoelectric materials are
mechanically deformed: once certain solid materials, such as crystals or biological matter, are
pressed or pulled, the electric charge will occur across these objects (Holler et al., 2007). The
conversion of mechanical stress into the electrical charge is called the piezoelectric effect, which
is often expressed by the following piezoelectric coupling equations (1.1) and (1.2):
S = sE T + d𝑡 E

(1.1)

D = dT + εT E

(1.2)

where, T is the stress, S is the strain, E is the electric field, D is the electric displacement, sE is the
elastic compliance for the constant electric field, d is the direct piezoelectric effect, d t is the
converse piezoelectric effect, and εT is the dielectric permittivity for constant stress.
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The physical meaning of each term in the above coupling equations is illustrated in
Figure 1.1. Once a piezoelectric element is deformed, positive and negative charges appear on
opposite surfaces of the piezoelectric element. Such electric displacement from those positive
and negative charges can cause an electric field and those charges within this electric field can
generate an electric force. This electric force can then cause an extra strain on the piezoelectric
element. Because of piezoelectric material’s dielectric property, charges flowing from one
surface to the other are meanwhile limited by an internal electric field within the dielectric itself.

Figure 1.1: Physical explanation for each term in the piezoelectric coupling equation.
Through the above coupling equations (1.1) and (1.2), the equation of voltage output from
a piezoelectric element under stress, equation (1.3), can be easily derived. Based on the Gauss law,
the electric current output is:
𝑑

0

𝑉

(∫𝐴 𝐷𝑑𝐴) = 𝑅
𝑑𝑡
4

(1.3)

where, A is the area of the electrode of the piezoelectric component; V is the output voltage from
the piezoelectric component; R is the resistance of the piezoelectric material; t is the time duration
of charges accumulating on piezoelectric component surfaces.
Thus, substituting D and S into the electric current output equation to offset stress T gives:
𝑑

𝑆−𝑑𝑡 𝐸

(
𝑑𝑡
𝑑

𝑠𝐸

𝑆

( 𝐸 𝑑𝐴) +

𝑑𝑡 𝑠

𝑉

𝑑𝐴 + 𝜀 𝑇 𝐸𝐴) = 𝑅
𝑑
𝑑𝑡

[𝐸𝐴 (𝜀 𝑇 −

(1.4)

𝑑2
𝑠𝐸

)] =

𝑉

(1.5)

𝑅

Since E equals the V/hp inside the piezoelectric component, where hp is the thickness of
piezoelectric component, replacing E with V/hp leads to:
𝑑

𝑆

𝑑

𝑑2

𝑉

𝑉

( 𝑑𝐴) + 𝑑𝑡 [ℎ 𝐴 (𝜀 𝑇 − 𝑠𝐸 )] = 𝑅
𝑑𝑡 𝑠𝐸

(1.6)

𝑝

Given that ℎ𝑝 , A, 𝜀 𝑇 , d, and 𝑠 𝐸 are constant, and

𝑆

𝑑𝐴 = 𝑄(𝑡) and
𝑠𝐸

𝐴
ℎ𝑝

𝑑2

(𝜀 𝑇 − 𝑠𝐸 ) = 𝐶𝑝 ,

then:
𝑑
𝑑𝑡

𝑑

(𝑄(𝑡)) + 𝐶𝑝 𝑑𝑡 (𝑉(𝑡)) =
0 𝑉(𝑡)

𝑄(𝑡) + 𝐶𝑝 𝑉(𝑡) = ∫𝑡
𝑉(𝑡) =

𝑄(𝑡)
𝐶𝑝

−

𝑅
𝑘𝑚𝑒
𝐶𝑝

𝑉(𝑡)
𝑅

(1.7)

= 𝑘𝑚𝑒 𝑤

(1.8)

𝑤

(1.9)

where, kme is the piezoelectric coupling stiffness and ѡ is the response of piezoelectric material.
As can be seen from equation (1.9), it is possible to produce higher electricity from
higher stress. Coincidently, the stress on pavement surface under vehicle loads can be high. After
putting metal plates on both sides of a piezoelectric element, the charges generated from the
piezoelectric element can be captured on those plates, as stored in a capacitor. The whole system
consisting of metal plates and piezoelectric elements can be regarded as a self-charging
capacitor. If those two metal plates are replaced with two conductive asphalt layers, this self5

charging capacitor can be theoretically further transformed into an energy harvesting pavement
on a large scale. On the structural perspective, replacing metal plates with such conductive
construction materials can maintain good structural performance of traditional pavements while
collecting more dissipated kinetic energy from vehicles on a larger area. The piezoelectric
element itself can also be reinforced or supported by other materials to improve its bearing
capacity under real traffic conditions.
Compared to the models of conventional piezoelectric transducers under vibration, after
replacing thin metal plates with relative thick conductive asphalt layers, with consideration of the
viscoelastic property of conductive asphalt material, more advanced models need to be
developed to analyze the electrical output from the three-layer structure of the new PZ-EHPS
design under vibration.
1.3 Potential Power Output from a Piezoelectric Element in Theory
The simplest energy harvesting model keeps a mass-damping-spring form and adds a
piezoelectric force regarding as an equivalent damping force 𝑑𝑒 𝑧̇ , as shown in Figure 1.2 and
expressed as the following equation (1.10):
𝑚𝑧̈ + 𝑐𝑧̇ + 𝑘𝑧 + 𝑑𝑒 𝑧̇ = 𝑄𝑠𝑖𝑛𝜔𝑡

Figure 1.2: Vibration of mass-damping-spring-equivalent damping system.

6

(1.10)

Its corresponding displacement amplitude can be obtained:
𝑄/𝑘

𝑧̂ (𝜔) =

2
√[1−( 𝜔 ) ]
𝜔𝑛

2

(1.11)

𝑐+𝑑𝑒 2 𝜔 2
+[
] ( )
𝜔𝑛
√𝑘𝑚

Then, the energy consumed by the transducer can be estimated: 𝑃(𝜔) =

(𝑧̇ )2
2

𝑑𝑒 =

(𝜔𝑧̂ )2

(𝑄/𝑘)2 𝜔2 𝑑𝑒 /2

𝑃(𝜔) =
[1−(

2
𝜔 2
𝑐+𝑑𝑒 2 𝜔 2
) ] +[
] ( )
𝜔𝑛
𝜔𝑛
√𝑘𝑚

2

𝑑𝑒

(1.12)

When the transducer is vibrated at a resonance 𝜔 = 𝜔𝑛 , the power output reaches the
maximum value:
𝑃(𝜔) =

2𝑑
(𝑄/𝑘)2 𝜔𝑛
𝑒

2[

𝑐+𝑑𝑒 2
√𝑘𝑚

(1.13)

]

The maximum energy absorbed in the transducer occurs when the equivalent damping
force equals the material’s original damping: 𝑐 = 𝑑𝑒 . Thus, the limitation of the power output
from the transducer is:
𝑃(𝜔) =

𝑄2
8𝑐

(1.14)

Again, the above limitation of power output is against a simple transducer. The limitation
of power output from a three-layer structure of PZ-EHPS needs to be calculated using a threedegree-of-freedom electromechanical model, which is developed in this dissertation work.
1.4 Organization of the Dissertation
A flowchart of this dissertation work is displayed in Figure 1.3.
Chapter 2 exhibits a comprehensive literature review of previous studies on developing
piezoelectric-based energy harvesters inside pavements. According to the general output power
from those developed energy harvesters, Chapter 2 also covers a cost-effectiveness analysis of
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one piezoelectric-based energy harvesting system assumed to be paved in the entire Florida
highway pavement network.
Chapter 3 introduces the design details of the proposed PZ-EHPS system, including basic
design principles, details of the piezoelectric layer design, and segmentation and integration of
PZ-EHPS.

Figure 1.3: Flowchart of dissertation work.
Chapter 4 describes a series of laboratory tests on the PZ-EHPS prototype using a
Material Testing System (MTS). Three types of conductive asphalt mixtures were fabricated in
8

the laboratory. Their resistances were measured and compared to each other to pick a proper one
for energy harvesting purpose through the PZ-EHPS. X-Ray Computed Tomography with 3D
reconstruction process was also applied to observe the internal structure of conductive asphalt
mixture specimens. After the PZ-EHPS specimens with different conductive asphalt mixtures
were loaded by the MTS, voltage outputs from those specimens were measured by an analog-todigital converter (ADC). Those voltage outputs confirmed the feasibility of the PZ-EHPS design
and were further used to verify the mathematical models developed in this dissertation work.
Chapter 5 introduces two groups of mathematical models, including one three-degree-offreedom electromechanical model and two series of finite element models (FEMs). The
electromechanical model and one of the two series of FEMs were built to simulate the PZ-EHPS
specimens in laboratory tests and optimize the PZ-EHPS at a component level. The other series
of FEMs were developed to simulate the PZ-EHPS segments under traffic conditions and discuss
a proper way of integrating the PZ-EHPS segments at a system level.
Chapter 6 shows results from the above mathematical models, including the electrical
output from the PZ-EHPS with different design parameters (e.g., viscoelastic property of
conductive asphalt mixture, piezoelectric property of piezoelectric element, geometric design of
piezoelectric element, selection of insulative filler inside piezoelectric layer, length of each PZEHPS segment, overall stiffness of piezoelectric layer) under the loads either from the MTS or
from moving vehicles. Furthermore, Chapter 6 also discusses the design strategy of the PZEHPS for field application in the future.
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CHAPTER 2: LITERATURE REVIEW

This literature review covers designs of piezoelectric-based energy harvesters developed
by recent studies. Most relevant studies focus on three perspectives: mathematical model
development, laboratory test evaluation, and field test assessment. Current electrical energy
storage technologies were also reviewed to determine the ones that are most suitable for use with
the two energy harvesting technologies. According to the power output from current
piezoelectric-based energy harvesters, this chapter also assumed that a series of energy
harvesters were paved in the entire Florida highway roadway system and estimated its total
power generation with the corresponding demand cost. The specific traffic conditions on Florida
roadways were obtained from the Geographic Information System (GIS) data available on the
website of Florida Department of Transportation (FDOT).
This chapter was published in the Renewable and Sustainable Energy Review (Guo and
Lu, 2017). Permission to reproduce the work in this dissertation is included in Appendix A.
2.1 Background of Piezoelectric Effect Application for Energy Generation
After its initial discovery in 1880 by the Curie brothers (Mason, 1981), the piezoelectric
effect was first applied in sensors or transducers to detect signals, based on the fact that when a
piezoelectric material is bent by waves or vibration, the voltage can be generated and measured
in the piezoelectric material. As inverse applications, piezoelectric materials may also be used to
emit signals, vibrate quartz (in a clock), or even offset sound waves. In the 2000s, several
research projects started to seek practical piezoelectric technologies to harvest energy from
10

human movement. In 2000, the Defense Advanced Research Projects Agency (DARPA)
designed a “heel-strike generator” for soldiers to convert mechanical energy to electrical energy,
which can supply power to soldiers’ portable electronic devices (Nowak, 2000). In 2007, two
Massachusetts Institute of Technology (MIT) students raised an idea to harvest energy from
human movement at crowded sites, which were called “crowd farms,” and tested a prototype
stool at a train station in Torino, Italy. The stool exploited the passive act of sitting and generated
sufficient power to light four LEDs (Wright, 2007). In 2008, the East Japan Railway Company
installed a special flooring tile with piezo elements at ticket gates of a train station. An average
0.1 watt of electricity was generated when a commuter took two steps across the tile (Ryall,
2008). However, the power generation efficiency of the tile was limited by the low foot traffic on
the tile. In the same year, piezoelectric materials were used with other green energy technologies
to build the first eco-nightclub in London. The dance floor of the nightclub was made of
piezoelectric crystals which produced electricity from dancing people to power up lights and air
conditioning (Kannampilly, 2008).
Although piezoelectric technology has a long history of recognition and has already been
widely applied in many fields, research on its application in pavements had not started until the
late 2000s. In recent years, there have been a number of studies on this topic. A summary of
them is given in Table 2.1. As can be seen, the main idea in the existing studies was to embed
piezoelectric transducers with lead zirconate titanate (PZT) material into a pavement to generate
electric power to supply sensors and some infrastructure utilities. So far, four types of PZT
transducer designs have been proposed in the literature: PZT cymbal, PZT pile, PZT stack, and
PZT cantilever, as illustrated in Figure 2.1.
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Table 2.1: Studies of the PZT systems in pavement.
Authors

Kim et al.

Hill et al.

Zhao et al.

Rodriguez et al.

Objective

Develop a model of
piezoelectric energy
harvesting from cymbal
transducers

Design specifications
Specimen design

Test scenarios

A transducer in 30 mm Dia.

Demonstrate
Innowattech energy
harvesters

Product from Innowattech

Design a cymbal for
harvesting energy from
asphalt pavement

A transducer in 32 mm Dia.; model
A: cymbal is directly surrounded by
asphalt concrete, and model B:
cymbal is placed in a metal box;
transducer location: 40 mm depth in
the pavement

Determine the
optimal topological
structure of the rectifier
used in the input stage
of the power harvesting
system

Major findings

Maximum 80 piezoelectric
generator cables associated with
rectifier bridges using silicon
rectifier diodes, Schottky diodes,
and signal diodes
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Electric output

Conclusions
The theoretical results from FEM
are consistent with experimental
results. The generated electric
power was increased by a higher
frequency, as long as the
displacement of vibration
remained at high frequency.

70 N load in
(a) 100 Hz or
(b) 200 Hz

(a) 40 mW
or (b) 100 mW

600 traffic
volume

The demonstration
from Berkeley
measured 0.017 W
per Innowattech
energy harvester.

The output claimed by
Innowattech, 150 kWh per 1 km,
need further verification based on
the demonstration from Berkeley.

0.7 MPa load
in 20 Hz

1.2 mW

The maximum output power of
1.2 mW at 20 Hz vehicle load
frequency can be reached by
optimizing the shape of the
cymbal.

Traffic speeds
simulated at 14
to 116 km/h

48.2 uW under
mechanical
amplification or
2.6 uW without
mechanical
amplification

The output from optimal power
harvesting system shows the
availability of self-powering a
sensor network

Table 2.1 (Continued)
Design specifications
Authors

Major findings

Objective
Specimen design

Test scenarios

Electric output
The electric power generated from
the energy harvester set in speed
bump was less than that from the
one installed underground. It was
also found that adding more
piezoelectric cantilevers could not
produce more electric power when
vehicle speed was under 20 km/h.

Study the energy
harvester installed in
(a) a speed bump or
(b) underground

Energy harvester with 24 or 72
piezoelectric cantilevers; PZT sheet
size: 32mm × 32mm

Performance
comparison between
(a) arc bridge
transducer and (b)
trapezoidal bridge
transducer

(a) Arc bridge transducer and (b)
trapezoidal bridge transducer

0.4 MPa in 5 Hz

Daniels et al.

Develop FEM of
piezoelectric cymbal
transducer design
and verify it by
experiment

A piezoelectric disk in 30 mm Dia.
sandwiched between two metal
endcaps

50 N load in 2 Hz

1.2 mW

Reduced thickness, join length and
angle of the endcaps led to higher
power outputs.

Sun et al.

Design piezoelectric
harvesting unit from
road vibration based
on FEM

A unit of 280×280×20 mm harvester

40 mm depth in
the pavement

1.785 mW can be
generated from
each traffic lane
per kilometer

Application of piezoelectric
harvesting unit on the roadway is
promising.

Kim et al.

Yao et al.

(a) 20 km/h
vehicle speed (b)
28 km/h vehicle
speed

Electric output

(a) 7.61 mW;
(b) 63.9 mW

(a) 232 V;
(b) 106 V
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Arc bridge transducer has higher
energy converting efficiency
compared to the trapezoidal bridge
transducer.

Table 2.1 (Continued)
Design specifications
Authors

Specimen design

Xiong et al.

Demonstrate energy
harvesters at a
weight station

Jiang et al.

Develop numerical
modeling on the
performance of
stacked
piezoelectric wafers
and verify it by
experiment

Roshani et al.

Major findings

Objective

Study the feasibility
of harvesting
electric power from
PZTs in the
pavement

Test scenarios

Electric output

Electric output
The total energy production from
energy harvesters is highly related
to the total axle of the vehicle; the
power generation of all
piezoelectric energy harvesters at
Troutville weight station has
degraded significantly about one
year after installation; a parallelly
connected stack of the disks can
improve the power generation
from energy harvesters.

Six different designs of
piezoelectric energy harvesters

Trucks at a weight
station

A maximum of
3.1 mW average
power output per
truck and 116 mW
instant power output
per truck

36 layers of stacked 0.85 × 20
mm Dia. Piezoelectric wafers;
PZT-8

Force amplitudes:
340, 680, 1020,
and 1360 N;
frequency: 1, 2, 4,
and 6 Hz

As the exciting
frequency increases
from 1 to 6 H, the
maximum harvested
power is improved
from 25 to 200 mW

The amount of electrical energy
harvested from the proposed
vibration harvester is proportional
to the frequency and force
amplitude of the harmonic
excitation

2.1 to 5.6 kN

The maximum output
can exceed the
maximum voltage
measuring capability
of the oscilloscope
set at 80 volts if the
specimen has 4 stacks
of 2 PZT or 8 stacks
of 2 PZT

Heavier load and shorter loading
duration (higher traffic speed) can
significantly increase the output
voltage; greater traffic volume can
lead to generating higher values of
voltage by decreasing each cycle
of loading; compared to the impact
from the traffic load, the effect of
pavement thickness on generating
electricity can be negligible.

PZT disk: 0.5 mm × 10 mm Dia.
Number of PZT disks: 4, 8, and
16; stacks: 4 and 8; sandwiched
by two copper plates;
thicknesses of the top asphalt
layer: 2.5 cm and 2.5 cm.
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Table 2.1 (Continued)
Design specifications
Authors

Specimen design

Zhang et al.

Major findings

Objective

Develop numerical
modeling on
piezoelectric energy
harvesting from
pavements under
traffic loads

Transducer size: 100×100x10
mm; depth of PZT in the
pavement: 5 cm

Test scenarios

30, 60, 120 m/s
vehicle speed;
single wheel load
or four-singlewheel load

Electric output

Electric output

At 30 m/s vehicle
speed, 41.2 mW
output under a single
wheel load and
47.26 mW output
under a four-singlewheel load

The energy harvesting from a
four-single-wheel load cannot be
estimated simply by multiplying
the single-wheel load four times,
since the induced responses by
the wheels may cancel each other
out. Moreover, the electric output
can be zero if the transducer is
placed near the edges, or the
distance between the wheel and
the transducer is larger than 4 m.

Figure 2.1: Types of PZT energy harvesters in the pavement: a) PZT cymbal; b) PZT pile; c) PZT stack; d) PZT cantilever.
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2.2 Piezoelectric Effects for Energy Harvesting Pavement - Studies by Mathematical
Models
Since stress distribution in a pavement structure under wheel loads is complicated, some
researchers have used finite element models (FEMs) to analyze piezoelectricity from PZT
transducers embedded in pavements. To optimize the PZT system, factors including cymbal
sizes, cymbal shapes, and specific installation locations have been considered in the analysis.
In 2006, Kim et al. built an FEM of PZT transducer to estimate the electric power
generated from a cymbal transducer in an automobile engine, as shown in Figure 2.1(a). The
piezoelectric material selected in that study had a high piezoelectric voltage coefficient ceramic
D210. A cyclic force produced from a mechanical shaker was applied on the cymbal. The FEM
results showed that the piezoelectric transducer in the cymbal could generate 100 mW electric
power under 200 Hz automobile engine vibrations. The results were verified by laboratory tests
(Kim et al., 2006).
Four years later, based on Kim’s research, another study was conducted at the University
of California Pavement Research Center (UCPRC) to estimate the electric output of a PZT
transducer embedded in a pavement using the FEM approach (Zhao et al., 2010). The effects of
five cymbal size parameters were tested to reach the maximum efficiency for two scenarios of
cymbal installation: 1) the cymbal transducer was directly embedded in asphalt concrete, and 2)
the cymbal transducer had extra protection from a metal box. Performance indicators of this PZT
transducer system included electrical energy and pavement displacement. The study finally
acquired an optimized cymbal size, which can harvest 1.2 mW electrical energy under a 20 Hz
vehicle load. Laboratory evaluation, along with cost and efficiency assessment, was not
conducted in this study (Zhao et al., 2010). In 2013, Zhao et al. designed a piezoelectric pile
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based transducer, as shown in Figure 2.1 (b) and evaluated its energy harvesting performance
using FEMs and laboratory tests. The transducer, containing 16 piezoelectric circular piles,
produced 3.21 mJ electrical energy before failure (Zhao et al., 2013).
In 2012, Yao et al. compared the electrical voltages generated from arc and trapezoidal
bridge transducers under different conditions of load frequency and distribution, and found that
the arc bridge transducer produced a 232 V electrical voltage under a pressure of 0.4 MPa, which
was 78 V higher than that from the trapezoidal one (Yao et al., 2012). In 2015, this research
group measured the electrical voltage from an arc bridge PZT transducer with a 0.4 mm thick
stainless steel cap and found that it reached 286 V under a pressure of 0.7 MPa (Zhao et al.,
2015). Another study, conducted by Li (Li, 2015), found that an arc bridge piezoelectric
transducer can produce more electrical energy than a rectangular one, but with shorter service
life. In 2013, Sun et al. built FEMs of PZT transducers and suggested that the PZT transducer
should have the proper size of 280×280×20 mm and be embedded at a depth of 40 mm in the
pavement (Sun et al., 2013).
In 2013, Daniels et al. from Cranfield University conducted a similar study using FEM to
evaluate the effects of various external factors (traffic load and electric load) and internal factors
(geometry and material) (Daniel et al., 2013). Only one metal-protected cymbal model was
considered in the study. Their optimized PZT transducer can generate 1.2 mW electric power
under a dynamic load of 50 N and 2 Hz (Daniel et al., 2013). No laboratory test or cost analysis
was conducted in the study.
Instead of building FEMs to estimate the amount of energy harvested by piezoelectric
materials in a pavement, other mathematical models were also developed to assess the
piezoelectric energy harvesting system. In 2013, Xiang et al. theoretically analyzed the
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piezoelectric effect induced by pavement deformation (Xiang et al., 2013). The behavior of a
pavement system was assumed to be that of an infinite Bernoulli-Euler beam on a Winkler
foundation, with or without consideration of damping. Pavement dynamic deformation was
obtained using the Fourier transform and Cauchy’s residue theorem. The energy collected by a
PZT transducer was from beam’s bending stress and vertical strain. This study revealed that
vehicle speed and pavement condition both affect the amount of energy harvested by
piezoelectric materials. Xiang et al. found that the electric power output from piezoelectric
materials can reach a maximum value at a certain vehicle speed, which can be determined based
on pavement damping properties (Xiang et al., 2013). In 2015, this research group modified the
mathematical model by replacing the beam model with a Kirchhoff plate model. The modified
model better explained the effects of transducer position and wheel load distribution on the
electric power output from pavements, especially for a soft subgrade scenario. The study
estimated that the instantaneous electric power could reach 41.2 mW under a single-wheel load,
and 47.3 mW under a four-wheel load. It was also found that the electric output would drop to
zero when the distance between the wheel load and the transducer exceeded 4 m (Zhang et al.,
2015).
Another similar work was done by Jiang et al. in 2014. They built a two-degrees-offreedom piezoelectric model for a harvester, which consisted of three piezoelectric stacks per
unit, as shown in Figure 2.1(c). Based on the results from their electromechanical model and a
series of experimental tests, they confirmed that this energy harvester could sufficiently generate
200 mW electric power to supply electrical devices in the transportation infrastructure (Jiang et
al., 2014).
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2.3 Piezoelectric Effects for Energy Harvesting Pavement - Studies by Laboratory Tests
In 2011, one research group led by Rodriquez et al. simulated the PZT transducer system
under continuous traffic conditions and designed various rectifier forms with different numbers
of piezoelectric cables (Rodriquez et al., 2011). Heavy traffic was also simulated through
mechanical amplification. Thus, through using two 80 parallel circuits with 1N4148 bridges, the
maximum electric power output can reach 48.258 µW (with mechanical amplification) and 2.635
µW (without mechanical amplification) (Rodriquez et al., 2011).
Instead of installing piezoelectric cables, a 2015 study by Roshani and Dessouky inserted
a ceramic disk-shaped PZT element between two copper plates and embedded them into two
asphalt mixture specimens (Roshani and Dessouky, 2015). Traffic loading was simulated
through a uniaxial compression test device. They then evaluated the effects of external factors
(i.e., pavement thickness, traffic speed, volume, and load) on the electrical voltage output from
this system. This study determined that heavier loads and shorter loading duration (i.e., higher
traffic speed) can significantly increase the output voltage (Roshani and Dessouky, 2015). They
also stated that passing more vehicles from a specific roadway section can lead to the generation
of higher values of voltage. Moreover, compared to the impact of traffic load, they believed that
the effect of pavement thickness on electricity generation could be neglected (Roshani and
Dessouky, 2015).
2.4 Piezoelectric Effects for Energy Harvesting Pavement - Studies by Field Tests
In 2012, Kim et al. performed field evaluations of piezoelectric cantilevers that were
either installed aboveground (as speed bumps) or embedded underground, as shown in Figure 2.1
(d) (Kim et al., 2012). They found that the electric power generated from the speed bump energy
harvester was less than that from the underground energy harvester (i.e., 7.61 mW versus 63.9
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mW). It was also found that adding more piezoelectric cantilevers can produce more electric
power only when vehicle speed exceeded 20 km/h (Kim et al., 2012).
In 2013, Virginia Tech tested six fabricated energy harvesters with a plate-over-pillar
design on the pavement at the I-81 Troutville weigh station (Xiong and Wang, 2013). The disk
shape was selected to reduce the damage potential of the brittle piezoelectric materials based on
FEM simulation results. The disk spacing was also expanded to reduce material stresses.
Multiple rectifiers with four diodes were used to avoid getting opposite voltage outputs from the
impact of two axles on a vehicle. Before the field installation, laboratory tests were conducted to
check the damage resistance and electric outputs of piezoelectric materials, and tentative field
tests were performed to check their environmental durability (Xiong and Wang, 2013). Both
instant and average power outputs were measured, which reached 0.116 W and 3.106 mW,
respectively (Xiong and Wang, 2013). The power generation of all piezoelectric energy
harvesters at the Troutville weight station, however, degraded significantly about one year after
their installation (Xiong and Wang, 2013).
The most outstanding, but also questionable, field tests were conducted by the
Innowattech company in Israel, presented as part of a California Energy Commission report in
2014 (Hill and Tong, 2014). The representative of Innowattech stated that their PZT transducer
system could supply 250 kWh of electrical energy from 1 km highway section under a traffic
volume of 600 vehicles per hour. To verify the Innowattech product claims, Virginia Tech
conducted a demonstration on their technology and measured 0.08 ~ 0.14 W (or 80 ~ 140 kWh)
of instant electric power from a single Innowattech energy harvester, which was lower than the
performance announced by the Innowattech company (Hill and Tong, 2014). Meanwhile,
researchers from Virginia Tech also observed the significant degrading of this commercial
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product from Innowattech within half of a year. The overall consensus of this report was that
“power densities of 300 W/ft2 or more are needed to approach the economic viability claimed by
vendors”. The report also concluded that further research was needed “to quantify the power
output, durability, and lifetime of the system in addition to its performance as a function of
traffic volume.” (Hill and Tong, 2014).
2.5 Current Methods of Storing Electricity Generated from PZT Transducer
There are two energy storage devices commonly used to accumulate the electricity
generated by PZT transducers in pavements: rechargeable battery and supercapacitor.
In 2005, Sodano et al. successfully recharged a 40 mAh battery with electricity generated
from a piezoelectric device in less than half an hour and demonstrated the compatibility between
the battery and the piezoelectric device (Sodano et al., 2005). They also found that the
rechargeable battery had more desirable qualities for power harvesting than a traditional
capacitor, especially when a constant power supply from the energy storage device is required
(Sodano et al., 2005).
In 2014, a NiMH rechargeable battery was tested to store energy generated by the PZT
transducer system at the I-81 Troutville weigh station in Virginia (Xiong, 2014). As a result, the
voltage of the battery pack quickly increased to 2 V in the first day and then gradually to a fully
charged value of 3.6 V after six days.
However, with the development of a supercapacitor (an electric double-layer capacitor),
several studies confirmed that supercapacitors tend to be more suitable energy storage devices
than rechargeable batteries in the piezoelectric energy harvesting systems. This conclusion was
drawn from literature discussions on their energy efficiencies, self-discharge rates, energy
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densities, and lifetime (Hadjipaschalis et al., 2009; Ottman et al., 2002; Guan and Liao, 2008) as
shown in Table 2.2.
Table 2.2: Performance of supercapacitor vs. performance of rechargeable battery.
Supercapacitor
Energy efficiency
Energy density
Self-discharge rate
Lifetime

85% - 98%
5 Wh/kg
14%
12

Lead-acid
battery
85% - 90%
30 Wh/kg
2%
5-12

On the side of using a supercapacitor, since the external excitation from vehicles on the
piezoelectric energy harvesting system cannot be synchronized, opposite voltage may be
generated by PZT transducers and offset on a supercapacitor simultaneously. To maximize the
power output under such random traffic conditions, a diode rectifier must be added to connect
with each PZT cell.
Meanwhile, loading resistors can be added to adjust the voltage on the charging
supercapacitor based on specific applications (Xiong, 2014; Sodano et al., 2005; Guan and Liao,
2008). Generally, most circuits designed for storing the electrical energy from piezoelectric
generators consist of rectifier, capacitor, and resistor.
2.6 Potential of Electrical Energy Generation from a PZT Transducer System in the
Florida Pavement Network
Many studies have estimated or measured the electric power outputs from PZT
transducers using various approaches. Their results, however, vary significantly from each other
because of the differences in test or calculation conditions (e.g., transducer shape and material,
traffic loading pattern, and electric rectification design). As shown in Table 2.1, since some
researchers have consistently collected around 40 mW of instantaneous electric power (Kim et
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al., 2006; Jiang et al., 2014; Kim et al., 2012), this study selected this level of power output per
PZT transducer for the proposed PZT transducer system.
The electrical energy generated from each vehicle’s impact was then calculated using the
integral of power over time 𝑊 = ∫ 𝑃𝑑𝑡. Based on Zhang’s estimation (Zhang et al., 2015), each
PZT transducer can supply 0.00103 J of electricity from each single-wheel load and 0.0012 J of
electricity from each four-wheel load.
With traffic volume inputs (annual average daily traffic [AADT] and annual average
daily truck traffic [AADTT]) from the Florida roadway GIS map, assuming all vehicles have two
axles, the distribution of electrical energy density UA from the PZT transducer system was
calculated as UA = 2×10×W·N and plotted in Figure 2.2. Note that the energy density is
expressed in the unit of J/m instead of J/m2 because vehicles only impact PZT transducers in the
wheel path.
The following considerations were taken during the analysis:


The PZT transducer system covers the entire Florida highway pavement system to
harvest the kinetic energy from vehicles.



The number of lanes was not considered in the analysis because traffic volume was
counted from all lanes.



Since the length of PZT transducer used in Zhang’s study was 0.1 m, ten PZT transducers
can be fit in a 1-m roadway lane without piezoelectric element stacks.
Based on the matrix of electrical energy density estimated in GIS maps, multiplying this

energy density distribution by the maximum number of PZT transducers gives the system
potential for electricity supply, which is about 0.09 kWh per kilometer per day or a total of 4.04
MWh per day.
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Figure 2.2: Distribution of electrical energy density from the PZT transducer system.
2.7 Cost-Effectiveness Analysis of the Energy Harvested by the PZT Transducer System
The benefits from PZT transducer systems can be evaluated based on the investment cost
per unit of electricity generated from the two systems over their lifetime. The indicator of this
cost-effectiveness analysis can be termed as a levelized cost of electricity (LCOE), and expressed
as:
the sum of costs over the lifetime

LCOE = the sum of electrical energy produced over the lifetime
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(2.1)

The LCOE from the PZT transducer system can be expressed as follows [28, 63]:
LCOEPZT = W

Cp +Ci
p ×N×w×365×Y

(2.2)

where, Cp is the cost of each PZT unit ($), Ci is the cost of installation ($), Wp is the energy
output from each PZT unit per vehicle (kWh), N is the number of vehicle per day, w is the
equivalent hit rate, and Y is the service life (year).
The material and installation cost of each PZT transducer, Cp + Ci , was estimated based
on information available in the study by Urquiza and Fernandez (Urquiza and Fernandez, 2016).
They estimated that the cost of piezoelectric cymbals per square meter is around $1,207, and the
installation cost is $75/m2. Thus, the total cost of PZT transducers in an area of 100 m × 0.2 m is
($1207 +$75) × (0.2×100) = $25,640 US dollars. Since a total of 30,000 cymbals can be
embedded into a 100 m × 0.2 m area, the total cost of installing each cymbal is around 0.86
dollar.
The energy output from each PZT unit per vehicle, Wp , is around 0.001 J (2.78×10-10
kWh), based on Zhang’s estimation. The traffic volume, N, on the Florida roadway network has
an average value of 15,847 and a maximum value of 319,000, based on the Florida GIS data
(FDOT, 2015). The equivalent hit rate, w, is assumed to be 100 percent. The service life of PZT
transducers is in a range of 5 to 15 years (Urquiza and Fernandez, 2016; Xiong, 2014).
Based on the above input data, the LCOE from PZT transducer system is:
0.86

LCOEPZT = 2.78×10−10 ×N×365×Y
As a result, by taking the average value of traffic volume, the LCOE from the PZT
transducer system varies from $35.66/kWh to $106.97/kWh for 5 to 15 years. If the PZT
transducer system is only paved on the roadway section with the highest traffic volume, the
LCOE can reach as low as $1.77/kWh, as shown in Figure 2.3.
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(2.3)

For comparison, the LCOE values estimated in some earlier studies (Urquiza and
Fernandez, 2016; Xiong, 2014) are summarized in Table 2.3. As can be seen, the LCOE value
estimated by Urquiza and Fernandez falls into the range estimated in this study, while the LCOE
values estimated by Xiong for the Virginia Tech and Innowattech harvesters are higher. This is
because, in Xiong’s estimation, the harvesters were placed at weigh stations where traffic
volume is lower.
Table 2.3: Inputs for cost-effectiveness analysis of the PZT system.
One harvester
fabricated by
Virginia Tech
(Xiong, 2014)
Estimated cost, Cp + Ci , ($)

One harvester
fabricated by
Innowattech (Xiong,
2014)

30,000 cymbals
embedded in a
100 m road
(Urquiza and
Fernandez, 2016)

431.90

2000.00

25653.00

Energy output, Wp , (kWh/vehicle)

7.45E-07

1.26E-06

1.05E-05

Number of vehicles, N, (per day)

3300

3300

135700

Equivalent hit rate, w, (%)

39.5

39.5

100

Estimated life of service, Y, (year)
Cost-effectiveness indicator, CE, ($/kWh)

5

5

15

243.70

666.72

3.30

Figure 2.3: LCOE from PZT transducer system vs. service year of PZT transducer vs. traffic
volume.
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2.8 Discussion
This section performed a comprehensive literature review of energy harvesting
pavements based on piezoelectric technologies. Based on the findings from the literature review,
a case study was conducted to evaluate the potential of electrical energy generation from the
Florida highway network using piezoelectric technology. The following conclusions are obtained
from this section:


The electric power collected from each piezoelectric transducer was limited to within 100
mW, which can supply electricity to low-power electronics, such as LED lights or
embedded sensors.



Based on current piezoelectric technologies, a piezoelectric transducer system covering
the entire Florida highway network may potentially collect around 4.04 MWh electrical
energy per day.



Regarding the electrical energy storage techniques, both rechargeable battery and
supercapacitor may be suitably used to store electrical energy from the PZT transducer
system.



The levelized cost of electricity from the PZT transducer system in the Florida highway
network may range from $1.77/kWh to $106.97/kWh, depending on the traffic volume
and the PZT transducer service life.
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CHAPTER 3: DESIGN OF AN ENERGY HARVESTING PAVEMENT SYSTEM

A portion of this chapter was published in the Applied Energy (Guo and Lu, 2017).
Permission to reproduce the work in this dissertation is included in Appendix A.
3.1 General Design Concept of PZ-EHPS
The concept of developing a PZ-EHPS is trying to “transform pavement layers into a
massive piezoelectric transducer”, as shown in Figure 3.1. This new system consists of two
conductive asphalt layers and one piezoelectric material layer. The two conductive asphalt layers
are made of conductive asphalt mixtures with conductive additives, such as steel wool, graphite,
and carbon black. The piezoelectric layer integrates piezoelectric materials with asphalt mixtures
and other insulation materials.

Figure 3.1: Concept for transforming piezoelectric transducer into PZ-EHPS.
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When the piezoelectric layer is vibrated, each piezoelectric cell is polarized because of
the deviations of positive and negative charge centers (piezoelectric effect). Then, the
piezoelectric layer will charge the upper and lower conductive layers. Since the piezoelectric
layer itself is insulated, electric charges will be stored in the upper and lower layers without
leakage. The PZ-EHPS assembles conductive asphalt mixtures, regular asphalt mixtures, and
piezoelectric materials into one large-scale energy harvester for the first time. Three basic
advantages of this PZ-EHPS design are as follows:


The cover area of the PZ-EHPS can be adjusted to a large extent to collect more
dissipated kinetic energy than traditional piezoelectric transducers.



Embedding conductive asphalt layers instead of inserting metal panels into the pavement
structure may have less impact on the original pavement performance.



Designs of the piezoelectric layer and the conductive asphalt layer can be customized by
choosing different sizes (from large to powder size) and shapes (e.g., pile, ball, and roof)
of piezoelectric elements and selecting proper aggregates and conductive fillers (e.g.,
steel fiber, graphite, and carbon), respectively.
The most important rule behind this PZ-EHPS design is that the upper and bottom

conductive asphalt layers should never be connected; if connected, the electric power produced
from this PZ-EHPS will be consumed under a short circuit condition. Since the piezoelectric
elements and asphalt mixtures in the piezoelectric layer are all insulation, this PZ-EHPS design
will perform well in an ideal condition. However, this rule can be challenged by the potential
environmental impact of rainwater. If rainwater flows into the voids inside the piezoelectric
layer, it may become conductive. To overcome this issue, two countermeasures may be taken:
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Use very dense asphalt mixtures to limit voids inside the piezoelectric layer. This strategy
should work better if the piezoelectric layer is thicker. Meanwhile, the area using
conductive materials in the conductive layer can be shrunk by paving regular asphalt
mixtures on the layer edge. This adjustment can avoid the connection between the two
conductive layers by the rainwater emerging through a drainage component.



Pave or spray a thin waterproof layer inside the piezoelectric layer. Since the
piezoelectric disk is well waterproofed, the waterproof layer is needed only to block the
connection of voids inside the asphalt mixtures. The location of the waterproof layer
depends on the conductivity of the waterproof material itself—if the waterproof material
is conductive, it can be sprayed on the interface between the piezoelectric layer and the
conductive layer; if the waterproof material is insulative, it can be inserted only in the
middle of the piezoelectric layer without cutting the piezoelectric elements and their
connection with the conductive layer.
Another challenge of the PZ-EHPS is to avoid the offset of the positive charges and

negative charges generated within such a large area of the PZ-EHPS. On the one hand, the
vibration of each vehicle can generate an alternating voltage from the piezoelectric materials, and
any negative charges collected on one conductive layer may be quickly neutralized by positive
charges. As a typical solution, one diode can be added on each output wire, as only negative or
positive charges can be transmitted through an output wire to the external power storage
equipment (e.g., capacitor). On the other hand, since there are several vibration sources
(vehicles) within an adjacent area of the PZ-EHPS, positive charges and negative charges can be
produced and can offset each other simultaneously. To better mitigate or use the interaction
between vehicles which may weaken the performance of the PZ-EHPS, regular asphalt mixtures
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can be paved to cut the PZ-EHPS into several segments in the longitudinal direction. The
specific length of each PZ-EHPS segment can be set based on the local traffic condition (e.g.,
average traffic speed, traffic volume, average axle distance of vehicles). An additional advantage
of dividing the PZ-EHPS into several segments is to integrate the electric power from the PZEHPS better. All piezoelectric elements under one segment of conductive asphalt layer are
connected in parallel. Then, those segments, which can be regarded as several huge piezoelectric
transducers, can be connected in a series to produce a higher voltage for less energy consumption
during transmitting.
Given that the material properties of all materials in the PZ-EHPS are close to those of
traditional pavement materials, the above modifications will not dramatically affect the structural
performance of the PZ-EHPS.
Based on the structure of this PZ-EHPS prototype, in addition to generating a
considerable amount of electric power, the following additional functions may be potentially
utilized in real applications:


The PZ-EHPS may provide a new way of deicing pavement in the winter—if the
conductive layers are connected, such a short circuit can consume the electric power to
form thermal energy and directly heat the pavement.



Since the electricity generated from the PZ-EHPS can be collected as a signal to measure
the speed and weight of a vehicle, the PZ-EHPS can also be regarded as a large-scale
sensor system.



The PZ-EHPS can be self-healing—micro cracks developing in the conductive layer can
affect the conductivity of conductive layer and then be detected by a slight change in the
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electrical signal. Once the conductive layers are connected to each other, the cracked
component can be heated to heal microcracks.
3.2 Details of Integrated PZ-EHPS Segments
The design factors of PZ-EHPS considered in this dissertation are categorized into two
groups at two levels: first group of design factors focuses on the component level design:
selection of conductive asphalt mixtures, selection of piezoelectric materials, design of
piezoelectric elements (e.g., element shape and size), and the selection of insulative filler inside
the piezoelectric layer. The second group of design factors concentrates on the system level
design: the design of PZ-EHPS segments concerning the impact from traffics, including the type
of piezoelectric layer (i.e., rigid or flexible) and the length of each PZ-EHPS segment.
Those design factors at both levels can play significant roles in improving the
performance of this PZ-EHPS. The specific designs of conductive asphalt layer and piezoelectric
layer at the component level can directly determine the electricity generation and transmission
from the PZ-EHPS, and a proper segmentation and integration method of the PZ-EHPS at the
system level is the key to efficiently manage and transmit electric power from the PZ-EHPS to
external electrical energy storage devices.
3.2.1 Design of Conductive Asphalt Layer
As a component of pavement construction, a traditional asphalt layer has various options
of pavement construction materials, including open-grade friction courses (OGFC), stone matrix
asphalt (SMA), and fine- and coarse graded dense mixes. According to the Hot Mix Asphalt
Pavement Mix Type Selection Guide released by Federal Highway Administration (Garcia and
Hansen, 2002) based on 18-kip equivalent single axle loads (ESAL), for a low or moderate
traffic level (ESALs < 300,000), dense-graded mixes are most highly recommended. For a
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moderate (300,000 < ESALs < 10,000,000) or high traffic level (ESALs > 10,000,000), SMA
and OGFC can also be considered. The selection of specific asphalt mixtures used in this PZEHPS also depends on the depth (surface layer or intermediate layer) and the thickness of
conductive asphalt layer: the deeper the layer locates, the coarser the mix is, and the thicker the
layer is required. The aggregate size used in each asphalt mixture type is also decided by the
traffic loading: the higher the traffic loads, the larger nominal maximum size aggregate mix
(NMS) is needed (Garcia and Hansen, 2002). Since the stress distribution on the piezoelectric
layer can be affected by the contact condition between the piezoelectric layer and the conductive
layer, the aggregate size used in the conductive asphalt layer may match the size of piezoelectric
elements in the piezoelectric layer.
As a functional construction material, modifying an asphalt mixture with steel fiber and
wool, graphite, or carbon fiber can reduce the electrical resistivity of asphalt mixtures from
1×1011 Ω·m to 10 Ω·m, and simultaneously, reinforce the mixtures. The detailed findings from
previous studies on conductive asphalt mixtures are summarized in Section 4.1.1. The purposes
of improving the conductivity of asphalt mixtures in previous studies were mostly trying to
increase the efficiency of deicing inside the pavement structure (Ye, 1999; Tuan, 2004), to
promote self-healing of asphalt mixture with microwaves (Gallego et al., 2013), or to perform
self-monitoring on crack generation inside asphalt mixture (Wu et al., 2006). Given that the
design concept of this PZ-EHPS is innovatively proposed in this dissertation work, such
application type of conductive asphalt mixtures for energy harvesting pavements is also new.
In this dissertation work, two types of conductive asphalt mixtures were fabricated using
dense asphalt mixtures and SMA as bases and graphite and coarse steel wool as modifiers. The
relevant details are described in Section 4.2.1.
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3.2.2 Design of Piezoelectric Layer
Current piezoelectric materials can be categorized into three major types: piezoelectric
ceramic, such as Barium titanate or Lead zirconate titanate (PZT), which is rigid; piezoelectric
polymer, such as Polyvinylidene fluoride (PVDF) (Jung et al., 2017; Shin et al., 2018), which is
flexible; and piezoelectric composite, such as PZT modified by epoxy (Mohammadi et al., 2003)
or PVDF reinforced by alumina nanoparticle (Hadji et al., 2012), which can be either rigid or
flexible. These piezoelectric materials may all be potentially used in the piezoelectric layer of the
PZ-EHPS. For any flexible piezoelectric paving material, its corresponding layer design in the
PZ-EHPS focuses on the development of materials themselves. For any rigid piezoelectric
material, its corresponding layer design involves more design parameters, such as arrangement of
piezoelectric elements, size and shape of piezoelectric elements, and insulative filler type. In this
study, the optimization of the piezoelectric layer mainly focused on the one arrayed with rigid
PZT elements and filled with insulative construction materials.
This study proposed and discussed different shapes of bulk piezoelectric elements inside
the piezoelectric layer, including piezo cylinder, piezo curved roof, and piezo ball, as shown in
Figure 3.2. PZ-EHPS specimens with piezoelectric elements of the first shape, piezo cylinder,
were fabricated and tested in the laboratory to verify corresponding FEMs. The second PZT
element shape analyzed in the study is piezo curved roof, as shown in Figure 3.2 (b). As
observed by Yao et al., one arc bridge transducer produced 232 V electricity under a stress of 0.4
MPa, which exceeded the trapezoidal bridge transducer output by an additional 78 V (Yao et al.,
2012). The curved component in the arc bridge transducer is not piezoelectric, but its design
increases the strain in the piezoelectric component. Such a design idea deserved trials in the PZEHPS. The third PZT element shape considered in this study is piezo ball, as shown in Figure 3.2
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(c). Spherical design can not only decrease the overall stresses on the spherical shells but also
uniform all the electric current directions based on its feature of geometric stability.
Considering the structural stability and the bearing capacity of the piezoelectric layer
under moving traffic loads, an insulative filler is indispensably required to fill the voids among
brittle PZT elements to strengthen the piezoelectric layer. The stiffness of the insulative filler
will affect the strain in the piezoelectric layer, and then, indirectly impact the voltage output of
the PZ-EHPS. After verifying the FEMs of PZ-EHPS specimens with or without an insulative
filler with laboratory results, the effect of the interaction between the PZT element shape and
size and the insulative filler stiffness on the voltage output from PZ-EHPS specimens was further
analyzed using FEMs in this dissertation work.

Figure 3.2: PZT elements in the piezoelectric layer: a) piezo cylinder; b) piezo curved roof; c)
piezo ball.
3.2.3 Segmentation and Integration Method of PZ-EHPS
Given the large area of the PZ-EHPS, one challenge in the design was how to efficiently
collect and transmit the electricity from conductive asphalt layers to external electrical energy
storage devices. To overcome the challenge, this study investigated the distribution and
magnitude of electric potential in the PZ-EHPS layers. To prevent the possible interaction of
multiple vehicles from weakening the PZ-EHPS voltage output, the whole PZ-EHPS may be
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divided into several segments by filling regular asphalt mixtures at intervals. The electric
potential inside the PZ-EHPS may be varied by changing the length of each PZ-EHPS segment.
To collect the electric power generated from the piezoelectric layer, transmission lines can be
embedded in the conductive layers with their ends extended as outlet joints. One initial design of
the PZ-EHPS is illustrated in Figure 3.3 (a). Similar to a typical piezoelectric energy harvester
(Guilar et al., 2009), the outlet joints from each conductive layer may be connected with a fullwave rectifier set by diodes, as shown in Figure 3.3 (b). After dividing one pavement section into
several PZ-EHPS segments, the output voltage from each segment can be aggregated by
connecting the segments in series.
This dissertation work built FEMs of the PZ-EHPS under different traffic conditions (i.e.,
traffic volume and traffic speed) to observe the voltage output change from the PZ-EHPS with
variations of some design parameters, including the length of each PZ-EHPS segment and the
type of piezoelectric layer (i.e., rigid or flexible) inside the PZ-EHPS.

Figure 3.3: a) Initial design of an integrated PZ-EHPS; b) Interconnection between outlet joints
of segments and full-wave rectifiers.
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CHAPTER 4: LABORATORY TESTS ON PZ-EHPS PROTOTYPE

Portion of this chapter was published in the Applied Energy (Guo and Lu, 2017).
Permission to reproduce the work in this dissertation is included in Appendix A.
4.1 Material Options and Their Properties in PZ-EHPS
On the practical side, currently available material selections inevitably limit the
feasibility of the PZ-EHPS design. This section discusses the available options of the conductive
asphalt mixtures and piezoelectric materials used in the PZ-EHPS. After comparing the
resistivity of different conductive asphalt mixtures and the piezoelectric properties of different
piezoelectric materials based on previous studies, proper materials were selected to prepare PZEHPS prototype specimens for laboratory testing.
4.1.1 Options of Conductive Asphalt Concrete Designs
To collect electric charges produced by the piezoelectric materials in the piezoelectric
layer, two layers of conductive materials should sandwich the piezoelectric layer to generate the
negative and positive electrodes as capacitor panels. To maintain the performance of asphalt
concrete, the structural properties of these two conductive layers should be close to those of
common asphalt concrete layers; otherwise, the critical stress generated in the two layers’
interface may cause the layers to flake and peel.
Thus, this dissertation work focused on modifying the electrical conductivity of pavement
layers by adding conductive materials into asphalt concrete rather than directly setting
conductive layers made of metals or other rigid materials.
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In most previous studies, the initial intention of adding conductive materials into asphalt
concrete was for deicing. Through controlling additive and asphalt binder contents, several
studies measured the electrical resistivity of different modified asphalt samples. The main
outputs of resistivity from those studies are summarized in Table 4.1. Since the electrical
conductivity of asphalt concrete mixed with conductive additives cannot be precisely controlled,
the level of resistivity in log (Ω.m) was selected as a proper indicator for material selection.
Based on the data in Table 4.1, currently available options of conductive materials based on
modified asphalt are still uncertain for the following two reasons:


Mixing steel fiber and wool, graphite, or carbon fiber with asphalt may significantly
reduce the electrical resistivity of asphalt concrete from 1×1011 Ω·m to 10 Ω·m.
However, it is very difficult to drop it to 1×10-2 unless under special conditions, such as a
sand-bitumen ratio at 0.77 with 8.76% of steel fibers measured by Garcia et al.



The results from previous studies on the same materials are somehow inconsistent; some
studies did not capture the rapid drop of resistivity that was observed in other studies,
such as the studies on adding steel fiber by Liu and Wu in 2011 and by Huang et al. in
2009.
Given the various results of resistivity measured in previous studies, this study used

proper contents of steel wool and graphite to increase the specimen’s electrical conductivity to a
range of 0 ~ 1 (Ω·m) in laboratory tests.
It is worth noting that steel fiber or wool might be severely electrically-eroded under the
electric current generated from the piezoelectric layer, which should be considered when
selecting materials in practice. Since all external forces from vehicles will be distributed to
piezoelectric materials through the upper conductive layer, the texture of the conductive layer
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also plays an important role in improving the voltage output from the PZ-EHPS, especially if the
size of the piezoelectric element is small.
Table 4.1: Electrically-conductive asphalt mixtures with additives in previous studies.

Additive
Type
Steel fiber
Steel wool
Graphite
Steel wool
5.83%
Steel wool +
graphite
6.54%
Steel wool +
graphite
Graphite
Carbon Fiber
Carbon Black
7.3%
Graphite +
3.6% Carbon
Fiber
9.3%
Graphite +
3.6% Carbon
Fiber
7.3% Carbon
Black + 3.6%
Carbon Fiber
9.3% Carbon
Black + 3.6%
Carbon Fiber
Steel Fiber
Carbon Fiber
Graphite

High Resistivity
Stage
Additive Resistivity
Content Level
(%)
log(Ω·m)
0 - 10
9

Low Resistivity Stage Additive
Content
Additive Resistivity
(%) in
Content Level
Transition
(%)
log(Ω·m)
20 - 25
5
10 - 20

0-8

9

10 - 15

5

8 - 10

0
0-5

11.5
11.5 - 10

28
6-9

5.5
1-2

N/A
5-9

5 - 12

9-8

16 - 28

1

12 - 16

N/A

N/A

7 - 28

1

N/A

5-8
0-3
5 - 10

12
12
12

13 - 30
5 - 7.5
15 - 30

3 - 0.5
4-2
6-4

8 - 13
3-5
10 - 15

N/A

N/A

N/A

N/A

N/A

Source

Note

Liu and
Wu,
2011

Garcia
et al.,
2009

They also got
82.5x10-2
(Ω.m) by
sand-bitumen
ratio at 0.77
with totally
8.76% of steel
fibers

ρ: 1,00E+1.2
Ω.m
Wu et
al.,
2005

ρ: 1,00E+1
Ω.m

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

ρ: 1,00E+1.2
Ω.m

N/A

N/A

N/A

N/A

N/A

ρ: 1,00E+1
Ω.m

0
0-3
0 - 10

10
10 - 8
10 - 9

2
5
18 - 28

2
2-1
3-2

N/A
3-5
10 - 18

Huang
et al.,
2009

4.1.2 Options of Piezoelectric Element Designs
For the piezoelectric material selection, currently the most popular one is PZT ceramic
(Anton and Sodano, 2007). Its electricity generation ability caused by deformation is efficient
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and feasible, which was confirmed by Sodano and Inman in 2005 by comparing PZT with two
other types of piezoelectric devices (Sodano and Inman, 2005). However, PZT has an extremely
brittle nature, which limits its strain capacity, especially under high-frequency cyclic loading
(Lee et al., 2004).
Compared to PZT, some polymer films consist of piezoelectric polymer materials such as
PVDF and poly(3,4-ethylenedioxy-thiophene)/poly(4-styrene sulfonate) (PEDOT/PSS), maintain
good piezoelectric properties, and simultaneously, improve their flexibility to prevent fatigue
crack damage from high-frequency vibrations (Lee et al., 2004).
Instead of switching PZT to other piezoelectric materials, building a composite through
mixing 40% PZT fibers with 60% epoxy also can improve such material’s flexibility
(Mohammadi et al., 2003) while retaining its piezoelectric performance. Similar to filling with
epoxy, Churchill et al. further collected usable electric power through mixing PZT fibers with
resin (Churchill et al., 2003). This type of composite is termed “macro fiber composite” (MFC).
The details of current piezoelectric material properties, as displayed in Table 4.2, were
summarized and compared by Shen et al. in 2007. In their study, it was stated that PZT has
significantly higher power density than PVDF and MFC materials, but its size is limited by its
fracture strength (Shen et al., 2007).
Table 4.2: Properties of different piezoelectric materials (Shen et al., 2007).
PZT
230
62
20
320
0.44
3800

Maximum Temperature (˚C)
Young's Modulus (GPa)
Yield Strength (MPa)
d31 (× 10-12 m/V)
k31
Dielectric Constant

PVDF
80
2-4
30
23
0.12
12 - 13

MFC
180
16
>30
170
—
—

This study selected the PZT material for use in the piezoelectric layer considering its
commercial availability and higher power density. Since all piezoelectric components should be
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directly attached to the upper and lower conductive layers, the size of each piezoelectric
component should match the piezoelectric layer thickness. To overcome the shortcomings of the
brittleness property of PZT, dielectric materials (e.g., neat asphalt binder and aggregates) were
added into the piezoelectric layer to share traffic loads with piezoelectric components and ensure
the good structural performance of the PZ-EHPS.
4.2 Experimental Design of Energy Harvesting Layers in Laboratory
After selecting the proper materials to build the PZ-EHPS prototype in the laboratory,
experimental tests were run on specimens of the multilayer system to assess and verify their
mechanical and electrical properties. During simulation of traffic loads on specimens by a
Material Testing System (MTS), voltage outputs from the specimens were detected and recorded
using an analog-to-digital converter (ADC) board connected to a computer. This section
describes details of the laboratory test design, including preparation of specimens and design of
the testing system.
4.2.1 Preparation of Conductive Asphalt Mixture
Asphalt mixtures with relatively high conductivity (up to 0.5 log[Ω·m]) were successfully
produced in an early study (Wu et al., 2005). Based on the mixing method in that study,
conductive asphalt mixtures were prepared in this study.
To develop a proper conductive asphalt mixture specifically for the energy harvesting
structure, this study fabricated three asphalt mixture samples for comparison: SMA-19, SMA12.5, and dense-graded asphalt Concrete (DGAC) mixtures, in which “19” and “12.5” represent
two different nominal maximum aggregate size (NMAS) gradations. To increase the
conductivity of asphalt mixtures, graphite was added to the asphalt binder at a volume ratio of
1:3 (graphite to asphalt binder) (Wu et al., 2005).
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To further enhance the conductivity of asphalt mixtures, coarse steel wool #3 of a length
of around 3 mm was used as another binder additive. To increase mixing uniformity, 4% steel
wool (by volume of asphalt binder) was first mixed with aggregates, then mixed with an asphalt
binder at an ambient temperature of 20˚C. The specific compositions of conductive asphalt
mixtures are listed in Table 4.3.
Table 4.3: Components of conductive asphalt mixtures.
Sieve Size
#200
#100
#50
#30
#16
#8
#4
9.5 mm
12.5 mm
19.0 mm
25.0 mm
Aggregate
Asphalt
Graphite
Steel Wool

SMA-19
3.6
8.7
10.2
11.9
14.4
16
17.8
22.3
58.6
91.9
100
Types
SMA / DGAC
PG76-22
Powder
Grade #3

Percent Passing
SMA-12.5
8.7
10.2
11.9
14.4
16
17.8
22.3
58.6
91.9
100
100
Weight (g)
3950.6
315.2
210.7
99.0

DGAC
7
12
18
27
33
46
70
85
100
100
100
Weight(%)
86.34
6.89
4.61
2.16

Based on suggestions from a study by Wu and Yu (Wu and Yu, 2012), the following
steps were taken to prepare the conductive asphalt mixtures:
1. Heat the PG76-22 asphalt binder until fluidity reaches 177˚C in a forced draft oven.
2. Add graphite into the heated asphalt binder.
3. Use an electric drill with a mixing head to mix the binder clockwise and
counterclockwise for about 3 minutes each at a 2400 rpm rotational speed.
4. Heat the modified asphalt binder again to 177˚C in the forced draft oven, and repeat Step
3 three times.
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5. Blend the aggregates, limestone powder, steel wool, and modified asphalt at the ambient
temperature.
6. Put the conductive asphalt mixture in the forced draft oven at 177˚C, and repeat Step 5
three times until the mixture is well blended.
More detailed procedures of fabricating a conductive asphalt mixture specimen set with a
wire are described in section 4.2.2. Those fabricated conductive asphalt mixture specimens are
shown in Figure 4.1 through Figure 4.3. As can be seen from Figure 4.1 through Figure 4.3, it is
easy to identify the DGAC specimen and the SMA specimen: the surface of DGAC specimen is
much smoother than those of two SMA specimens, which can steadily provide a better contact
condition of the conductive layer with the piezoelectric layer.
However, if the piezoelectric layer is paved with piezoelectric composite, a less contact
area between layers may increase the stress concentration on the piezoelectric layer, and further,
improve the voltage output from the PZ-EHPS specimen.
On the other side, the voids between aggregates inside DGAC specimens appear to be
smaller than those inside SMA specimens. Such smaller voids inside DGAC can prevent charge
loss on conductive layers due to the rainwater flowing in and out of those layers.
However, smaller voids may also provide less space for filling conductive materials and
degrade the conductivity of DGAC specimen. Thus, a balance between better contact condition
and more stress concentration, or between less charge loss due to rainwater and more space of
filling conductive materials, may be considered in the specific design of conductive asphalt
mixture for the PZ-EHPS. More tests on different conductive asphalt mixtures are suggested to
do in the future for finding a proper conductive asphalt mixture design on the purpose of energy
harvesting from this PZ-EHPS.
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Figure 4.1: Conductive DGAC specimens fabricated in the laboratory.

Figure 4.2: Conductive SMA-12.5 specimens fabricated in the laboratory.
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Figure 4.3: Conductive SMA-19 specimens fabricated in the laboratory.
4.2.2 Preparation of Proposed Energy Harvesting Structure
After preparing the conductive asphalt mixtures, copper wires, and plaster of Paris (POP)
and gathering the PZT disks (Navy type II, obtained from APC international, Ltd.), the prototype
of the energy harvesting structure proposed in this study was built in the laboratory. The
prototypes of the conductive layers and the piezoelectric layer were separately fabricated in the
laboratory following the steps described below.


Four main steps were followed to build the prototype of conductive layers:

1. Put the first portion of heated conductive asphalt mixture in a Marshall compactor mold.
2. Put a spiral-shaped copper wire on the conductive asphalt mixture. Sufficient length of
the copper wire at both ends is preset for electricity output use.
3. Pour the rest of the heated conductive asphalt mixture on the copper wire in the mold.
4. Compact the conductive asphalt mixture using a Marshall compactor.


Eight steps were followed to build the prototype of the energy-harvesting layer:
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1. Wrap PZT disks with tape to make sure insulation materials do not contaminate their
surface.
2. Mix POP powder with water at a volume ratio of 2:1 in the mold, which is covered with
plastic paper for easy removal of the POP mixture from the mold after it cures.
3. Embed the PZT disks into the POP mixture in the mold. The heights of the POP mixture
and the PZT disks must be consistent.
4. Put the mold in an oven at 65˚C for 45 minutes.
5. Demold the specimen and remove the embedded PZT disks from the POP mixture.
6. Remove the tape from the PZT disks.
7. Put the POP mixture back into the oven at 65˚C for overnight drying.
8. Insert the PZT disks back into the dried POP mixture, as shown in Figure 4.4.

Figure 4.4: PZT disks inserted into the dried POP mixture.
4.2.3 Design of Testing System
An MTS Series 647 Hydraulic Wedge Grip was selected to simulate traffic loads by
setting the appropriate loading frequency and magnitude. Since both the top and bottom anvils of
46

the MTS were made of metal, papers and plastic films were used to isolate specimens from
anvils to prevent leakage of generated electricity. After squeezing electricity from the PZ-EHPS
specimen under a sinusoidal load, an ADC board was set to receive and convert electrical voltage
signals into a computer, which was able to save the electrical signal information for further data
analysis, as shown in Figure 4.5. The specific loading with its corresponding voltage output can
be directly displayed on the computer screen, as shown in Figure 4.6 for an example.

Figure 4.5: Measuring electrical output from specimens loaded in MTS.
It is worth noting that, in order to ensure the PZT disks to well contact the conductive
asphalt mixtures, a static preloading was gradually performed to first compress the specimens
and then a harmonic load was added to make the specimen to vibrate. The amplitude of this
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harmonic load was kept lower than the preload to maintain a compression status of PZT disks.
This static preload can be regarded as the weight of the regular pavement surface layer on the top
of the PZ-EHPS in the field.

Figure 4.6: Examples of the voltage output from PZ-EHPS specimen displayed on the screen.
4.3 Laboratory Test Results
4.3.1 Resistance of Conductive Asphalt Mixtures
A proper conductive asphalt mixture fitting the PZ-EHPS should be well conductive. The
resistance of each conductive asphalt mixture fabricated in the laboratory was measured by a
digital multimeter, as shown in Figure 4.7. Since the charges generated from the piezoelectric
layer are transmitted through the conductive asphalt mixture to the copper wire in different
conductive paths, the resistance measured from each point on the cross-section of the conductive
asphalt mixture specimen to the copper wire can be widely varied. In this dissertation work,
random points on the cross-section of each conductive asphalt mixture specimen, excluding the
area uncoated with asphalt binder, were selected to evaluate the resistance distribution on the
conductive asphalt mixture specimen by multiple attempts. The resistance measured at those
points are listed in Table 4.4, with their average and standard deviation values.
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Figure 4.7: Measuring the resistance of one conductive asphalt mixture specimen.
As can be seen from Table 4.4, the resistance between some points on the cross-section
of the conductive DGAC specimen and the copper wire can be as low as 0.25 kΩ. However,
because the conductive materials may not be evenly mixed with aggregates and asphalt binders,
the overall resistance between the cross-section of the conductive DGAC specimen and the
copper wire had a significant variance. Through the same mixing process, the conductive SMA12.5 mixture has a better overall conductance with less average resistance (8.57 kΩ) and smaller
standard deviation (5.31 kΩ). Although it is hard to conclude that an SMA-12.5 mixture can be a
better option to be modified by conductive materials based on a few laboratory tests, this finding
confirmed that fabricating a conductive SMA-12.5 mixture by the manual mixing process is
feasible.
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Table 4.4: Resistance measured on three different conductive asphalt mixtures (kΩ).

Resistance between points on conductive asphalt specimen to copper wire (kΩ)
DGAC

Average
Standard Deviation
SMA-12.5

Average
Standard Deviation
SMA-19

0.25
0.60
0.65
0.66
0.70

14.00
15.30
15.50
16.20
16.60

25.50
26.70
27.60
28.20
29.20
32.16
25.22

43.70
44.90
45.40
46.50
47.50

67.60
70.20
71.00
73.60
76.00

2.33

4.00

2.33
2.54
2.75
2.80

4.13
4.29

5.71
6.57
7.91

11.69
11.86
12.53
12.53
12.76

15.53
15.92
16.74
16.88

4.00
4.90
5.10
5.80
6.10

10.10
12.10
19.80
23.90
25.10

69.40
83.10
88.70
103.80
105.50

107.00
125.70
134.00
155.20
169.00

4.29
4.48

8.04
8.08
8.57
5.31
32.30
38.10
44.00
44.50
47.80
58.60
51.71

Average
Standard Deviation

17.57

4.3.2 Voltage Outputs from PZ-EHPS Specimens
At first step, a static preload of 200 pounds (about 891 N) was gradually applied on the
PZ-EHPS specimen with conductive DGAC mixture and POP filler, followed by a harmonic
loading of 75 pounds (about 333 N) at 0.5 Hz.
As shown in Figure 4.8, the voltage output from the above loads was unsteady and very
low (around 0.04 V). The unsteady voltage output might be caused by a poor contact condition
between the PZT disks and the conductive asphalt mixtures.

50

Figure 4.8: Voltage output from the PZ-EHPS specimen with conductive DGAC mixture and
POP filler under a harmonic loading of 75 pounds (about 333 N) at 0.5 Hz.
After gradually increasing the load frequency from 0.5 Hz to 1.0 Hz, the output voltage
from the PZ-EHPS specimen increased to 0.08 V and turned to be smoother in change with time,
as can be seen from Figure 4.9.

Figure 4.9: Voltage output from the PZ-EHPS specimen with conductive DGAC mixture and
POP filler under a harmonic loading of 75 pounds (about 333 N) at 1 Hz.
Then, an extra load of 100 pounds (about 441 N) was put on the specimen. Its amplitude
was also increased to 125 pounds (about 556 N) at a higher frequency of 1.5 Hz. As shown in
Figure 4.10, the voltage output turned to be steady and increased to around 0.15 V. A smooth
voltage output shows that the contact condition between PZT disks and the conductive asphalt
mixture was improved.
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Figure 4.10: Voltage output from the PZ-EHPS specimen with conductive DGAC mixture and
POP filler under a harmonic loading of 125 pounds (about 556 N) at 1.5 Hz.
At the second step, the same load was performed on the PZ-EHPS specimens with
conductive SMA mixtures and POP filler. No voltage output was observed since the coarse
surface of conductive SMA mixtures (either SMA-12.5 or SMA-19), with the existence of POP,
prevented the PZT disks from contacting both conductive layers at the same time. After adding a
much higher harmonic load on the specimen, 400 pounds (about 1778 N), the POP was getting
cracked and the voltage output from the specimen appeared but was unstable, as shown in Figure
4.11.

Figure 4.11: Voltage output from the PZ-EHPS specimen with the conductive SMA-12.5
mixture and POP filler under a harmonic loading of 400 pounds (about 1778 N) at 0.5 Hz.
At the third step, to eliminate the negative effect of a stiff filler material in the
piezoelectric layer on specimen’s electrical output, POP was removed from the specimen to
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improve the contact condition between PZT disks and the SMA mixtures. Considering that PZT
disks would lose the help from POP to share the external load, the load from the MTS was also
reduced from a level of 100 ~ 500 pounds (about 441 N to 2225 N) to a level of 10 ~ 50 pounds
(about 44 N to 223 N). The results are shown in Figure 4.12 and Figure 4.13. As can be seen,
without POP, the electrical output from the proposed energy harvesting layer increased from 4.5
V to 7.6 V when the amplitude of the sinusoidal load was increased from 20 pounds to 30
pounds (about 88 N to 133 N) at 1 Hz.

Figure 4.12: Voltage output from the PZ-EHPS specimen with conductive SMA-19 mixture
under a harmonic loading of 20 pounds (about 88 N) at 1 Hz.

Figure 4.13: Voltage output from the PZ-EHPS specimen with conductive SMA-19 mixture
under a harmonic loading of 30 pounds (about 133 N) at 1 Hz.
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4.4 Observation on Conductive Asphalt Mixtures Using X-Ray Computed Tomography
The conductance of a conductive asphalt mixture does not only depend on the
conductivity of conductive materials but also depend on the path of conductive materials built
inside the mixture. However, it is very difficult to observe such path inside a conductive asphalt
mixture by any optical or electron microscopes. One nondestructive testing, X-Ray Computed
Tomography (CT) scanning, was selected in this study to observe and check the path of
conductive materials inside the conductive asphalt mixtures based on the material’s radiodensity
(the relative inability of X-ray radiation to pass through a particular material).
On a typical radiograph, a radiodense object appears white or light gray and a radiolucent
one looks much darker. Figure 4.14 displays a CT image of one slice of conductive asphalt
mixture specimen. The coarse aggregates can be identified in the light gray area on this CT
image, and the air void inside the specimen can be quickly captured in the dark area.

Figure 4.14: One CT image of conductive asphalt mixture specimen.
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To identify different components in the conductive asphalt mixture specimen (e.g.,
aggregate, sand, asphalt binder, steel wool, graphite), a quantification method can be applied
based on each component’s radiodensity using a Hounsfield unit scale (HU) calculated by X-ray
attenuation coefficients:
𝐻𝑈 = 1000 × 𝜇

𝜇−𝜇𝑤𝑎𝑡𝑒𝑟
𝑤𝑎𝑡𝑒𝑟 −𝜇𝑎𝑖𝑟

(4.1)

where 𝜇𝑤𝑎𝑡𝑒𝑟 is the linear attenuation coefficient of water and 𝜇𝑎𝑖𝑟 is the linear attenuation
coefficient of air.
Given that X-ray CT scanner can only capture cross-sectional images of one specimen, to
build a 3D model of each specimen, a further 3D reconstruction process is required. The
accuracy of such 3D reconstruction process depends on the slice thickness during the scan: the
thinner each slice is, the more accurate the 3D model can be built.
In this study, all conductive asphalt mixture specimens were CT scanned in the
Department of Radiology on the campus of the University of South Florida. A GE Lightspeed
VCT 64 Slice CT was used to scan those specimens at a slice thickness of 0.625 mm (140 kV,
400 mA).
Each sample was three-dimensionally reconstructed in Mimics (v19) using thresholds of
3071 Hounsfield units for metal, 1790-3070 for coarse material, 850-1789 for fine material and
0-849 for binder material.
Because the 3D model of each component is too large to open and view in the FEM
analysis software, it was first imported into a mesh editing software, Meshlab, to be checked and
simplified for further analysis, as shown in Figure 4.15 through Figure 4.17.
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Figure 4.15: 3D mesh built by 3D reconstruction from CT scan images on conductive DGAC
specimen.

Figure 4.16: 3D mesh built by 3D reconstruction from CT scan images on the conductive SMA12.5 specimen.
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Figure 4.17: 3D mesh built by 3D reconstruction from CT scan images on the conductive SMA19 specimen.
As can be seen from Figure 4.15 through Figure 4.17, a medical X-ray CT scanner is
sufficient to identify the existence of asphalt binder, coarse aggregate, and copper wire, using the
selected thresholds of Hounsfield unit ranges. However, the fine aggregate and conductive
additives were not well identified using a threshold of 850-1789 Hounsfield units. Based on
those CT images, types of conductive asphalt mixtures can be easily identified based on the sizes
of those aggregates. Voids between coarse aggregates can also be clearly observed, which form
potential paths in conductive asphalt materials through the specimens.
Those 3D meshes were then simplified and imported into COMSOL Multiphysics
(COMSOL, 2012) for further FEM analysis, as shown in Figure 4.18. However, simplified
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meshes of those conductive asphalt mixtures were still too complicated to be analyzed by FEMs
using a desktop computer. Considering the concentration of this dissertation work is not on the
conductive asphalt mixtures, those 3D geometries were further simplified to cylindrical object
for FEM analysis in this study.
It is worth noting that, similar application of X-ray CT scanner had already been well
developed in medical or biological studies: radiologist can scan one part of patient’s body by CT
scanner, build a 3D model of that part, and perform FEM analysis to study the biological
mechanism of the body component. A 3D printer can also fabricate a same biological component
based on the 3D model.

Figure 4.18: 3D meshes imported into COMSOL Multiphysics for further FEM analysis.
4.5 Summary
This part of dissertation work fabricated PZ-EHPS specimens in the laboratory and
confirmed the feasibility of the PZ-EHPS design concept. The voltage outputs from different PZEHPS specimens under the loading from the MTS can also be used for verifying further
developed mathematical models.
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For the conductive asphalt mixtures used in the PZ-EHPS specimen, three conductive
mixtures, including a DGAC mixture, an SMA-12.5 mixture, and an SMA-19 mixture, were
fabricated. Among the three mixtures, a minimum of 0.25 kΩ resistance was captured in the
conductive DGAC mixture. However, because the conductive materials may not be
homogeneously mixed with aggregates and asphalt binders in the DGAC mixture, its overall
resistance between the cross-section of conductive DGAC specimen and the copper wire had a
significant variance. Based on the repeated measurements on the conductive asphalt mixtures, it
was found that the conductive SMA-12.5 mixture had a better overall conductance with less
average resistance (8.57 kΩ) and smaller standard deviation (5.31 kΩ). Considering that the
same manual mixing process was performed in this study, this finding shows that fabricating a
conductive SMA-12.5 mixture by manual mixing process is feasible.
After applying a harmonic load of 75 pounds (about 333 N) at 0.5 Hz to the PZ-EHPS
specimens, an unsteady and low voltage output (around 0.04 V) was captured from a PZ-EHPS
specimen with the conductive DGAC mixture and a POP filler. When the load was increased to
125 pounds (about 556 N) at 1.5 Hz, the voltage output turned steady and increased to around
0.15 V. Such smooth voltage output shows that the contact condition between PZT disks and the
conductive asphalt mixture was improved to be stable. Then the same load was performed on the
PZ-EHPS specimens with conductive SMA mixtures and the POP filler. No voltage output was
observed since the coarse surfaces of conductive SMA mixtures (either SMA-12.5 or SMA-19)
prevented the PZT disks, which were embedded in the POP mold, from contacting both
conductive layers at the same time. After a much higher load (1777 N) was added on the
specimen, the POP was getting cracked and the voltage output from the specimen appeared but
was unstable. To eliminate the negative effect from a stiff filler material in the piezoelectric layer
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on specimen’s electrical output, POP was removed from the specimen to improve the contact
condition between PZT disks and the SMA mixtures. Considering that PZT disks would not have
help from POP to share the external load, the load from MTS was also dropped from a level of
100 - 500 pounds (about 441 N to 2225 N) about to a level of 10 - 50 pounds (about 44 N to 223
N). As results, without POP, the electrical output from the proposed energy harvesting layer
increased from 4.5 V to 7.6 V when the amplitude of the sinusoidal load was increased from 20
pounds to 30 pounds (88 N to 133 N) at 1 Hz.
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CHAPTER 5: MODELS OF PZ-EHPS

A portion of this chapter was published in the Applied Energy (Guo and Lu, 2017).
Permission to reproduce the work in this dissertation is included in Appendix A.
5.1 Electromechanical Model of PZ-EHPS Prototype
To theoretically analyze the effects of material properties of conductive asphalt mixtures
and piezoelectric elements on electricity generation from the PZ-EHPS, the PZ-EHPS was
simplified into a three-degree-of-freedom system—a harmonic excitation (representing traffic
loads) was applied on the first conductive layer and then was transmitted through the
piezoelectric layer to the second conductive layer, as shown in Figure 5.1.

Figure 5.1: Three-degree-of-freedom model of PZ-EHPS prototype.
Mechanical property parameters of the conductive asphalt concrete layers include masses
(ma and mb), damping coefficients (ca and cb), and spring constants (ka and kb). The spring

61

constants of the asphalt mixtures (ka and kb) can be estimated using equation (5.1) with the
resilient modulus of asphalt mixtures (Mr), the cross-sectional areas of asphalt mixtures (Aa and
Ab), and the thicknesses of asphalt mixtures (Ta and Tb). The damping coefficients of asphalt
mixtures can be estimated using equation (5.2) with the damping ratio ζ, spring constants ka and
kb, and the masses of asphalt mixtures ma and mb.
𝑘𝑖 =

𝑀𝑟 𝐴𝑖
𝑇𝑖

(𝑖 = 𝑎, 𝑏)

𝑐𝑖 = 2ζ√𝑘𝑖 𝑚𝑖 (𝑖 = 𝑎, 𝑏)

(5.1)
(5.2)

Since the kinetic energy is dissipated mainly through the work done by an induction force
inside the piezoelectric elements, the induction force Fe was used to calculate the amount of
conversion from mechanical energy to electrical energy, as expressed in equation (5.3) with the
displacement of the piezoelectric element (xp), the electric potential difference between the
opposite surfaces of the piezoelectric element (Vp), and the charge generated on the surface of
the piezoelectric element (Q). Meanwhile, the amount of charge Q under external loads can be
estimated using equation (5.4) from the piezoelectric stress constant (e33), the cross-sectional
area of the piezoelectric element (Ap), and the vertical strain of piezoelectric element (xp/Tp). The
piezoelectric stress constant e33 represents a coefficient for electric displacement divided by
vertical strain.
𝐹𝑒 𝑥𝑝 = −𝑉𝑝 𝑄
𝑥𝑝

𝑄 = 𝐴𝑝 𝑒33 𝑇

𝑝

(5.3)
(5.4)

By substituting equation (5.4) into equation (5.3), the induction force Fe can be expressed
by equation (5.5):
𝐹𝑒 = −

𝐴𝑝 𝑒33
𝑇𝑝
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𝑉𝑝

(5.5)

The electronic model of the PZ-EHPS circuit is displayed in Figure 5.2, where Cp is the
capacitance of each piezoelectric element as seen in equation (5.6), Ri is the insulation leakage
resistance of the whole PZ-EHPS, and Rl is the external load resistance. Based on the electric
displacement field D3 on each piezoelectric element in equation (5.7) and the Gauss law in
equation (5.8), equation (5.9) was developed to calculate the electric potential Vp generated in
this overall electric circuit. In equation (5.6) through equation (5.9), 𝜀𝑟 denotes the relative static
permittivity of the piezoelectric element; 𝜀0 represents the electric constant; Tp denotes the
thickness of the piezoelectric layer; 𝑑33 is the charge or strain constant; 𝜎3 represents the stress
on the surface of the piezoelectric element; 𝜀33 denotes the permittivity of the piezoelectric
element; and R is the total resistance in the PZ-EHPS circuit.
𝐶𝑝 =

𝜀𝑟 𝜀0 𝐴𝑃

(5.6)

𝑇𝑝

𝐷3 = 𝑑33 𝜎3 + 𝜀33 𝐸3
𝑑

(∫𝐴 𝐷3 𝑑𝐴) =
𝑑𝑡
𝑑

𝑛𝐶𝑝 𝑑𝑡 𝑉𝑝 +

𝑉𝑝
𝑅

𝑉𝑝

(5.8)

𝑅
𝑑

= 𝑛 𝑑𝑡 𝑄(𝑡)

Figure 5.2: Schematic symbol and electronic model of PZ-EHPS.
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(5.7)

(5.9)

Since

𝐴𝑝 𝑒33
𝑇𝑝

is based only on the material properties of the piezoelectric element,

𝐴𝑝 𝑒33
𝑇𝑝

can

be regarded as an electromechanic coupling coefficient P. Then, the governing equations of this
three-degree-of-freedom electromechanical model can be written as:

𝑚𝑎 𝑥̈ 𝑎 + 𝑘𝑎 (𝑥𝑎 − 𝑥𝑝 − 𝑥𝑏 ) + 𝑐𝑎 (𝑥̇ 𝑎 − 𝑥̇ 𝑝 − 𝑥̇ 𝑏 ) = 𝑄0 𝐶𝑜𝑠(𝜔𝑡)
𝑚𝑝 𝑥̈ 𝑝 + 𝑛𝑘𝑝 (𝑥𝑝 − 𝑥𝑏 ) + 𝑛𝑃𝑉𝑝 = 𝑄0 𝐶𝑜𝑠(𝜔𝑡) − 𝑚𝑎 𝑥̈ 𝑎
𝑛𝑘𝑝 (𝑥𝑝 − 𝑥𝑏 ) + 𝑛𝑃𝑉𝑝 = 𝑚𝑏 𝑥̈ 𝑏 + 𝑐𝑏 𝑥̇ 𝑏 + 𝑘𝑏 𝑥𝑏

(5.10)

𝑉𝑝
−𝑛𝑃𝑥̇ 𝑝 + 𝑛𝐶𝑝 𝑉𝑝̇ + = 0

{

𝑅

The above multi-degree-of-freedom equation (5.10) can be transformed to the following
matrix equations, equation (5.11) and equation (5.12):
1
0
0
0
0
0
0
[0
0
0
0
0
𝑘𝑎
0
0
[0

0
1
0
0
0
0
0
0

0 0 0
0
0
0 0 0
0
0
1 0 0
0
0
0 1 0
0
0
0 0 𝑚𝑎 0
0
0 0 𝑚𝑎 𝑚𝑝 0
0 0 0
0 𝑚𝑏
0 0 0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
−𝑘𝑎
−𝑘𝑎
0
𝑛𝑘𝑝
−𝑛𝑘𝑝
𝑛𝑃
−𝑛𝑘𝑝 𝑛𝑘𝑝 + 𝑘𝑏 −𝑛𝑃
0

0

1
𝑅

𝑥𝑎
0
𝑥𝑝
0
𝑥𝑏
0
0 𝑑 𝑉𝑝
+
0 𝑑𝑡 𝑥̇ 𝑎
𝑥̇ 𝑝
0
𝑥̇ 𝑏
0
0] [ 𝑉𝑝̇ ]
−1
0
0
0
−1
0
0
0
−1
0
0
0
𝑐𝑎 −𝑐𝑎 −𝑐𝑎
0
0
0
0
0
𝑐𝑏
0

−𝑛𝑃

0

0
0
0
−1
0
0
0

𝑥𝑎
0
𝑥𝑝
0
𝑥𝑏
0
𝑉𝑝
0
𝑥̇ 𝑎 = 𝑄 𝑐𝑜𝑠(𝜔𝑡)
0
𝑥̇ 𝑝
𝑄0
𝑥̇ 𝑏
0
𝑛𝐶𝑝 ] [ 𝑉𝑝̇ ] [ 0 ]

𝑑𝑿

𝑴 𝑑𝑡 + 𝑫𝑿 = 𝑸𝑐𝑜𝑠(𝜔𝑡) = 𝑸{exp(𝑖𝜔𝑡) + exp(−𝑖𝜔𝑡)}/2

(5.11)

(5.12)

In this case, since the external dynamic force is a sinusoidal form, matrix X can be
𝑑𝑿

assumed as 𝑿 = 𝒀exp(𝑖𝑤𝑡) to find a solution of 𝑴 𝑑𝑡 + 𝑫𝑿 = 𝑸 exp(𝑖𝜔𝑡): [𝑖𝜔𝑴 + 𝑫]𝒀 = 𝑸
𝑑𝑿

and assumed as 𝑿 = 𝒀∗ exp(−𝑖𝑤𝑡) to find a solution of 𝑴 𝑑𝑡 + 𝑫𝑿 = 𝑸 exp(−𝑖𝜔𝑡):

64

[−𝑖𝜔𝑴 + 𝑫]𝒀∗ = 𝑸, where 𝒀 ([Y1, Y2, Y3, Y4]) and 𝒀∗ ([Y1∗ , Y2∗ , Y3∗ , Y4∗ ]) are the real and
imaginary parts of amplitudes, respectively. The full solution can be expressed as 𝑿 =
{𝒀 exp(𝑖𝜔𝑡) + 𝒀∗ exp(−𝑖𝜔𝑡)}/2. As a result, the amplitude of each mass vibration can be
expressed as:
𝑌𝑎 = √𝑌1 𝑌1∗ , 𝑌𝑃 = √𝑌2 𝑌2∗ , 𝑌𝑏 = √𝑌3 𝑌3∗

(5.13)

The amplitude of voltage generated by the piezoelectric elements can be expressed as:
𝑉 = √𝑌4 𝑌4∗

(5.14)

The power generated by the piezoelectric elements can be expressed as:
𝑃𝑝 =

𝑌4 𝑌4∗
2𝑅

(5.15)

5.2 Finite Element Models of PZ-EHPS Prototype
5.2.1 FEMs of PZ-EHPS Specimens in the Laboratory
Prior to analyzing the effect of PZT element design on the PZ-EHPS voltage output, this
study first built FEMs of PZ-EHPS specimens whose voltage outputs had been measured in
previous laboratory tests, as shown in Figure 5.3. Values of major material parameters used in
the FEMs are listed in Table 5.1, which are consistent with those recorded in the laboratory tests.
In the laboratory tests, an analog-to-digital converter (ADC) was used to measure the voltage
outputs from PZ-EHPS specimens with or without an insulative filler made of plaster of Paris. In
the FEMs, a resistor with the same resistance of the ADC was used instead to connect copper
wires extended from upper and lower conductive asphalt mixtures. Two nodes were set at the
ends of the resistor in the FEMs to capture electric potentials and to obtain the output voltage. A
dynamic axial load of 88 N or 133 N in a sinusoidal waveform at a frequency of 1 Hz was
applied on the PZ-EHPS specimens in both laboratory tests and FEMs.
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Figure 5.3: a) FEM of PZ-EHPS specimen; b) PZ-EHPS specimen.
Table 5.1: Values of material property parameters used in FEMs.
Material
Upper and Bottom
Conductive Asphalt Mixture
Specimens

PZT Elements

Copper

Parameter
Thickness (upper one) (m)
Thickness (bottom one) (m)
Diameter (m)
Resilient modulus (Pa)
Electric Conductivity (S/m)
Thickness (m)
Diameter (m)
Young's Modulus (N/m2)
Dielectric constant
Piezoelectric stress constant (C/m2)
Young's Modulus (N/m2)
Electric Conductivity (S/m)

Value
0.086
0.097
0.1
2.70 × 109
5.00 × 10-3
0.0106
0.0114
5.4 × 1010
1900
15.5
1.10 × 1011
6.00 × 107

Based on those given material data, the coupled constitutive equations (5.16) and (5.17)
in stress-charge form are selected to feature the piezoelectric component in FEMs:
{𝑇} = [𝑐𝐸 ]{S} − [e]𝑇 {𝐸}

(5.16)

{𝐷} = [𝑒]{S} + [𝜀𝑠 ]{𝐸}

(5.17)
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where, T is the stress; S is the strain; E is the electric field; D is the electric displacement; cE is
the elasticity matrix; e is the piezoelectric stress constant matrix; and εs is the dielectric constant
matrix.
Based on the above coupled constitutive equations (5.16) and (5.17), the typical element
in the series of FEM for a two degree of freedom piezoelectric component on the three-dimension
form can be further described as:
𝐸
𝐸
𝐸
𝑠11
𝑠12
𝑠13
𝑆1
𝐸
𝐸
𝐸
𝑠12
𝑠22
𝑠23
𝑆2
𝐸
𝐸
𝐸
𝑠13
𝑠23
𝑠33
𝑆3
𝑆4
𝑆5 =
𝑆6
𝐷1
𝐷2
[𝐷3 ]
[𝑑31 𝑑32 𝑑33

𝑑31
𝑑32
𝑑33
𝐸
𝑠44

𝑑24

𝐸
𝑠55
𝐸
𝑠66

𝑑15
𝜀11

𝑑15

𝜀22

𝑑24

𝜀33 ]

𝑇1
𝑇2
𝑇3
𝑇4
𝑇5
𝑇6
𝐸1
𝐸2
[𝐸3 ]

(5.18)

Given the transversely isotropic property of most common piezoelectric materials, some
𝐸
𝐸
𝐸
𝐸
parameters are equal: 𝑠11
= 𝑠22
, 𝑠44
= 𝑠55
, 𝑑31 = 𝑑32 , 𝑑15 = 𝑑24 , 𝜀11 = 𝜀22 .

The boundary conditions in FEMs include:


One fixed constraint at the bottom of the PZ-EHPS specimen: u = 0;



One boundary load in the sinusoidal form on the top of the PZ-EHPS specimen: 𝑻 =

𝑻𝒕𝒐𝒕
𝐴

,

where Ttot is the total loads from MTS and A is the total cross sectional area of
piezoelectric elements;


Ground voltage: V = 0;



Charge conservation in the piezoelectric material: 𝑬 = −𝛻𝑉 and 𝛻 ∙ 𝑫 = 𝜌𝑣 , where V is
voltage and 𝜌𝑣 is volume charge density.
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5.2.2 FEMs of PZ-EHPS Under Road Traffic Conditions
For the effective design of the PZ-EHPS segmentation discussed in Section 3.2.3, the
distribution and magnitude of electric potential in the PZ-EHPS under moving traffic loads were
analyzed with FEMs at the system level. To save computation time, the piezoelectric layer with
discrete piezoelectric elements was simplified into a piezoelectric layer of homogenous
piezoelectric composite. The tire component of the FEMs was also simplified into a moving
distributed load with all the tire design details (e.g., tire structure and tread pattern) being ignored
since they were deemed minor in affecting the PZ-EHPS design. Each wheel load was assumed
to be 40 kN (calculated from an 80 kN equivalent single axle load) and uniformly distributed
over a 0.2 m × 0.2 m contact area moving at a constant speed. The distance between the front and
rear axles (i.e., wheelbase) of each vehicle was set as 2.5 m, and the distance between two
wheels on the same axle (i.e., track) was set as 1.5 m.
In COMSOL Metaphysics (COMSOL, 2012), the width of above contact area (0.2 m)
was defined by the width of one tire track added on the surface layer of the PZ-EHPS, and the
length of above contact area (0.2 m) was set by a rectangular pulse, as shown in Figure 5.4. The
dynamic location of each vehicle tire was set in “boundary load” using an analytic function,
Pulse (): 𝑃𝑢𝑙𝑠𝑒(𝑋 − 𝑆𝑝𝑒𝑒𝑑 ∗ 𝑡). The initial location of the tire load can be set in this analytic
function with 𝑡 = 0, as shown in Figure 5.5. The unit of this pulse was set as 1, and can be
multiplied by a magnitude of traffic stress to express a moving stress from tire on this PZ-EHPS:
𝑆𝑡𝑟𝑒𝑠𝑠 × 𝑃𝑢𝑙𝑠𝑒(𝑋 − 𝑆𝑝𝑒𝑒𝑑 ∗ 𝑡). In order to observe the whole process of one or two vehicles
rolling over the PZ-EHPS segment, the initial location of the front tire of first vehicle was set 0.5
m away from the edge of the PZ-EHPS.
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Figure 5.4: A rectangular pulse defined by a rectangular function in COMSOL Multiphysics.

Figure 5.5: Initial location of each vehicle tire defined by an analytic function in COMSOL
Multiphysics.
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The lead of each transmission line was set as a probe to capture the voltage output under
moving traffic loads, as shown in Figure 5.6. Because the external energy storage device (e.g.,
battery and capacitor) and the full-wave rectifier are not discussed in this study, the open-circuit
voltage output measured by probes was selected as the major indicator to compare the
performance of PZ-EHPS with different design parameters (e.g., piezoelectric layer type and PZEHPS segment length).
The designed structural layers of the PZ-EHPS are shown in Table 5.2. All layers were
assumed to be viscoelastic with a damping ratio of 0.05. For asphalt mixtures, dense coarse
gradations (DCG) were selected to provide a high load-carrying capacity (Garcia and Hansen,
2002) that is associated with high voltage outputs and to ensure low permeability of the PZEHPS layers, which is necessary to prevent a short circuit between the top and bottom
conductive layers due to infiltrated moisture. The nominal maximum aggregate size (NMAS)
was increased from 9.5 mm in the surface layer to 25 mm in the base layer. Other layer
properties shown in Table 5.2 were determined in accordance with the data used in previous
laboratory tests and the literature (Zhang et al., 2009). The thin (12.5 mm) conductive asphalt
layer and the thick (62.5 mm) piezoelectric layer were selected to produce a high voltage output
from the PZ-EHPS. One example of the FEM of the PZ-EHPS is shown in Figure 5.7.
For the piezoelectric layer, its stiffness depends on the piezoelectric material and the
insulative filler, as mentioned in Section 2.1. For example, reinforcing PZT with oxides, such as
Al2O3 (Tajima et al., 1999), MgO (Tajima et al., 1999), ZnO (Lin et al., 2008), and ZrO2 (Wu et
al., 2001), makes it more rigid, while modifying a piezoelectric composite with either PVDF (a
matrix) (Martins et al., 2011; Ning et al., 2013) or resin (a filler) (Hadji et al., 2012) makes it
more flexible. In this study, the voltage output from both a rigid and a flexible piezoelectric layer
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was analyzed using FEMs. To observe and compare these two types of piezoelectric layers in
Comsol Multiphysics (Griesmer, 2013), a deformation constraint (i.e., rigid connector) was
additionally set on the top boundary of the rigid piezoelectric layer.

Figure 5.6: Moving loads from one vehicle on one PZ-EHPS segment in FEMs.
Table 5.2: PZ-EHPS layer design and properties used in FEMs.
Layer in PZ-EHPS
(Type of Paving Material)
Surface Layer (DCG 9.5)
Intermediate Layer
Upper / Bottom Conductive Asphalt
Layer (DCG 19)
Piezoelectric Layer (DCG 19)
Base Layer (DCG 25)

Density
(kg/m3)
2322

Damping
Ratio (%)
5

Poisson
Ratio
0.35

Thickness
(mm)
37.5

Modulus
(MPa)
1800

2224

5

0.35

12.5

2700

2224
2162

5
5

0.35
0.35

62.5
100

2700
4700
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Figure 5.7: One 3D FEM example of the PZ-EHPS.
5.3 Laboratory Verification
After squeezing the SMA specimen with the POP fill, a steady electrical output was not
captured at first from the SMA specimen. To improve the contact condition between PZT disks
and the SMA mixtures, the POP was removed. As can be seen from Figure 5.8, without POP, the
electrical output from the proposed energy harvesting layer increased from 4.5 V to 7.6 V when
the amplitude of the sinusoidal load was increased from 88 N to 133 N at 1 Hz. Since PZT disks
remained intact under such high loads, the brittle PZT materials should withstand this level of
impact when embedded into the piezoelectric layer of the PZ-EHPS.
To verify the electromechanical model in this study, the theoretical results are shown in
Figure 5.8. The parameters used to obtain these theoretical results are those listed in Table 5.3.
Specifically, the properties of the asphalt mixture specimens were either measured in the
laboratory or estimated from the literature (Liu and Wu, 2011; Shafabakhsh et al., 2015;
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Karacasu et al., 2015). The properties of the PZT disks are provided by the sources from APC
international, Ltd. (APC, 2015) and Morgan Technical Ceramics (Berlincourt and Krueger,
2002).
Table 5.3: Parameters of material properties used in control variables.
Basic parameters of material properties
Mass of conductive asphalt mixture specimen A, ma (kg)
Mass of conductive asphalt mixture specimen B, mb (kg)
Mass of each PZT disk, mp (kg)
Thickness of conductive asphalt mixture specimen A, Ta (m)
Thickness of conductive asphalt mixture specimen B, Tb (m)
Thickness of each PZT disk, Tp (m)
Diameter of each PZT disk, dp (m)
Diameter of each conductive asphalt mixture specimen, d (m)
Resilient modulus of each conductive asphalt mixture specimen, Mr (Pa)
Young’s Modulus of PZT material, Y33 (N/m2)
Damping ratio of each conductive asphalt mixture specimen, ζ
Piezoelectric stress constant, e33 (C/m2)
Dielectric constant, ε33
Resistance, R (Ω)
Estimated parameters of material properties
Spring constant of conductive asphalt mixture specimen A, ka (N/m)
Damping coefficient of conductive asphalt mixture specimen A, ca (𝑁 ∙
𝑠/𝑚)
Spring constant of conductive asphalt mixture specimen B, kb (N/m)
Damping coefficient of conductive asphalt mixture specimen B, cb (𝑁 ∙
𝑠/𝑚)
Spring constant of PZT material, kp (N/m)
Electromechanic coupling coefficient, P (C/m)
Capacitance of each PZT disk, Cp (F)

Value
1.241
1.393
8.22×10-3
0.086
0.097
0.0106
0.0114
0.100
2.70×109
5.4×1010
0.06
15.5
1900
2×107
Value
2.466×108
2099.25
2.186×108
2094.03
5.2×108
0.15
1.6×10-10

As can be seen from Figure 5.8, the theoretical results of the output voltage are slightly
higher than the experimental results. Considering potential errors in the selected values of several
parameters in Table 5.3 (e.g., Mr, R, e33), the percent error (around 25%) from using the
electromechanical model was deemed acceptable.
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Figure 5.8: Output voltage results from laboratory tests and electromechanical model.
The FEM simulation results of electric potentials generated from the PZ-EHPS specimen
under loading are displayed in Figure 5.9. As can be seen, the electric potential difference
between Node 1 and Node 2 is around 6.72 V under 88 N at 1 Hz and around 10.14 V under 133
N at 1 Hz. Compared to the output voltage results from laboratory tests and an electromechanical
model shown in Figure 5.8, the FEM results are slightly higher. The differences in the output
voltage obtained from the three approaches are likely due to variations in the localized stress
distribution at the interfaces between PZT elements and conductive mixtures. Overall, results
from the three approaches showed a similar trend in the relationship between output voltage and
load magnitude. The FEMs, therefore, may be used for further analysis of the PZ-EHPS, such as
the effects of design variables (e.g., PZT element arrangements, sizes, and shapes) on the voltage
output.
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Figure 5.9: Electric potential inside the PZ-EHPS specimen.
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CHAPTER 6: EFFECTS OF DESIGN PARAMETERS ON ELECTRICAL OUTPUTS
FROM PZ-EHPS

This chapter exhibits results from one electromechanical model and two series of FEMs
developed in this study to analyze design parameters of PZ-EHPS at two different levels. The
electromechanical model and one of those two series of FEMs focused on the design parameters
at the component level, including the viscoelastic property of conductive asphalt mixture,
piezoelectric property of piezoelectric element, geometric design of piezoelectric element, and
selection of insulative filler inside piezoelectric layer. Another series of FEMs concentrated on
the design parameters at the system level, including the length of each PZ-EHPS segment and the
overall stiffness of piezoelectric layer, under traffic conditions (e.g., traffic volume and traffic
speed).
A portion of this chapter was published in the Applied Energy (Guo and Lu, 2017).
Permission to reproduce the work in this dissertation is included in Appendix A.
6.1 Electromechanical Model Results
Numerous variables can affect the electricity generation from the PZ-EHPS. In the
electromechanical model analysis of PZ-EHPS specimens, they are categorized into four groups:
properties of the conductive asphalt mixtures (Mr and ζ), electromechanical properties of the
PZT disk (Cp and e33), design of the PZT disk (𝜔𝑛𝑝 , n), and external dynamic load conditions (Q
and ω). Each group is discussed separately in Section 6.1.1 through Section 6.1.5 to determine
some general design strategies that can optimize the PZ-EHPS at the component level. Two
76

variables from one group are discussed, and the other variables from the remaining three groups
are regarded as control variables. The parameters used in the control variables are shown in
Table 5.3. Two important indicators of electrical outputs, electrical voltage and electric power,
are presented in Figure 6.1 through Figure 6.4.
6.1.1 Effects of Mr and ζ on Electrical Outputs from PZ-EHPS
The two material property parameters of conductive asphalt mixtures, resilient modulus
(Mr) and damping ratio (ζ), reflect the elastic and viscous properties of asphalt mixtures,
respectively. Figure 6.1 illustrates that a stiffer asphalt mixture in the conductive layer of the PZEHPS leads to less electrical output (either voltage or power) from the PZ-EHPS. Meanwhile,
the damping ratio of asphalt mixture does not affect the electrical output significantly at either 1
Hz or 30 Hz loading condition, although higher damping means more energy loss.

Figure 6.1: Effects of properties of conductive asphalt mixtures (Mr and ζ) on the output voltage
and output power from PZ-EHPS under two external vibration frequencies: (a) 1 Hz and (b) 30
Hz.
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6.1.2 Effects of Cp and e33 on Electrical Outputs from PZ-EHPS
The piezoelectric stress constant, e33, may vary significantly among different PZTs (e.g.,
9.0 for PZT-2, 15.8 for PZT-5A, 23.3 for PZT-5H), and the capacitance of each PZT disk can be
greatly improved by stacking. These two key electromechanical properties of piezoelectric
materials can directly affect the electrical outputs from the PZ-EHPS, as illustrated in Figure 6.2:
increasing piezoelectric stress constant e33 improves the electrical outputs linearly from the PZEHPS and increasing capacitance Cp decreases the electrical outputs from the PZ-EHPS
exponentially if e33 is sufficiently large. Comparing Figure 6.2 (a) and Figure 6.2 (b), it can be
seen that at a higher frequency of external vibration, the change of electrical outputs caused by
modifying the capacitance of PZT disk is more dramatic.

Figure 6.2: Effects of the electromechanical properties of piezoelectric elements (Cp and e33)
on the output voltage and output power from PZ-EHPS under two external vibration frequencies:
(a) 1 Hz and (b) 30 Hz.
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𝒑

6.1.3 Effects of 𝝎𝒏 and n on Electrical Outputs from PZ-EHPS
As the most important common factor affecting the vibration amplitude, the natural
frequency of PZT disk, 𝜔𝑛𝑝 , can play a key role in producing high electrical outputs from the PZEHPS. Assuming each PZT disk has a spring constant of 5.2×108 N/m and a mass of 8.22×10-3
kg, the natural frequency of each PZT disk is estimated to be 2.5×105. Apparently, this level of
natural frequency does not match the frequency of traffic loads. Fortunately, based on Figure 6.3
(a), the limitation of decreasing natural frequency of a PZT disk to produce higher electrical
output from the PZ-EHPS can be compensated by adding more PZT disks inside the PZ-EHPS
under very low frequency (1 Hz) vibration.

𝒑

Figure 6.3: Effects of the design of piezoelectric elements (𝝎𝒏 , n) on the output voltage and the
output power from PZ-EHPS under two external vibration frequencies: (a) 1 Hz and (b) 30 Hz.
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However, based on Figure 6.3 (b), under relatively high frequency (30 Hz) vibration, the
benefit from adding more PZT disks to produce higher electrical outputs disappears. The output
power from the PZ-EHPS holds relatively steady around 30 mW.
6.1.4 Effects of Q and ω on Electrical Outputs from PZ-EHPS
Figure 6.1 through Figure 6.3 display the interaction between the frequency of external
vibration and several material properties on producing electricity from the PZ-EHPS. If all
material properties of components in the PZ-EHPS are kept constant, the effects of external force
on electricity output are shown in Figure 6.4. As can be seen, both the amplitude and the
frequency of the external force are proportional to the amount of electricity generation from the
PZ-EHPS.

Figure 6.4: Effects of external dynamic load conditions (Q and ω) on the output voltage and
output power from PZ-EHPS.
6.1.5 Maximum Outputs from Simple PZ-EHPS and Optimized PZ-EHPS
To compare the maximum electric power generated from an initial PZ-EHPS and an
optimized PZ-EHPS, the electrical outputs (voltage and power) from the two PZ-EHPSs under
different external loads and different vibrational frequencies were plotted in Figure 6.5 and
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Figure 6.6. Figure 6.5 shows that a simple PZ-EHPS (parameters listed in Table 5.3) can produce
a maximum electric power of around 1.2 mW.
This PZ-EHPS was optimized by adding more PZT disks (from 3 to 58), reducing the
resilient modulus of asphalt mixtures (from 2.70×103 MPa to 1.00×103 MPa), and improving the
piezoelectric stress constant e33 (from 15.5 to 23.3), which can generate a maximum electric
power of more than 300 mW, as shown in Figure 6.6. For the output voltage, both Figure 6.5 and
Figure 6.6 show that the output voltage increases and then trends to constant by adding more
external load resistance. For the output power, both Figure 6.5 and Figure 6.6 indicate that the
power produced from the PZ-EHPS first increases to the maximum as the external load
resistance reaches the optimum resistance and then gradually decreases to be very low after the
external resistance exceeds the optimum value.

Figure 6.5: Output voltage and output power from a simple PZ-EHPS connected by external load
resistances under different levels of vibrational frequencies.
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Figure 6.6: Output voltage and output power from optimized PZ-EHPS connected by external
load resistances under different levels of vibrational frequencies.
6.2 Results from FEMs of PZ-EHPS Specimens in the Laboratory
The FEMs developed in the previous sections at two design levels were used to analyze
the effects of various factors on the PZ-EHPS outputs. The factors analyzed include those related
to the design of PZ-EHPS (i.e., PZT element shape and size, filler material, piezoelectric layer
stiffness, and PZ-EHPS segment length) and those related to traffic condition (i.e., vehicle speed
and vehicle spacing). In this section, the results from FEMs of PZ-EHPS specimens (component
level) were discussed.
6.2.1 Stiffness of Insulative Filler
Various construction materials may be used as the insulative filler for the piezoelectric
layer, with their stiffness varying in a wide range, such as 3 MPa (rubber-clay) (Wu et al., 2004),
3×103 MPa (asphalt mixture) (Al-Hadidy, et al., 2009; Kim et al., 2009; Norambuena-Contreras
et al., 2010), and 3×104 MPa (cement concrete) (Huang et al., 2004; Guo et al., 2014). Using the
verified FEMs of PZ-EHPS specimens, the effect of filler stiffness on the voltage output of the
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PZ-EHPS specimen was investigated in this section. The results under the load of 88 N at 1 Hz
are shown in Figure 6.7.
As can be seen, when the filler stiffness is as low as 3 MPa, the output voltage from the
PZ-EHPS specimen is 6.50 V, which is very close to that from a specimen without any insulative
filler (6.72 V). Therefore, the effect of using such a soft filler on the output voltage is nearly
negligible. If an asphalt mixture or a concrete filler is used, however, the output voltage falls into
a range of 0.1 V ~ 1 V. This indicates that modification or reinforcement of those stiff fillers
(asphalt mixture and cement concrete) may not significantly change the output voltage from the
PZ-EHPS specimen.

Figure 6.7: Output voltages from PZ-EHPS specimens with different insulative fillers.
6.2.2 PZT Element Shape
To analyze and compare the performance of PZ-EHPS specimens with PZT elements of
different shapes (i.e., piezo cylinder, piezo curved roof, and piezo ball), the electric potential
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distributed on the specimens and its corresponding voltage output were captured and observed in
FEM results. The distribution of electric potential displays how the electric charge is distributed
on different PZT shapes, while the voltage output from two nodes can be used to compare the
productivity of PZ-EHPS specimens with different PZT shapes when the external resistor is
fixed.
Without consideration of any insulative filler, Figure 6.8 (a) shows the electric potential
produced from a specimen containing piezo curved roofs under a load of 88 N at 1 Hz. As can be
seen, both the minimum and the maximum electric potentials occur on the upper curved surface
of the piezo curved roof.
Based on the stress-charge form of piezoelectric effect, the dramatic drop of electric
potential on the upper curved surface indicates that a high normal stress variation can occur on
the upper curved surface, which may threaten the structure performance of the piezo curved roof
design.
Figure 6.8 (b) shows the electric potential produced from a specimen containing piezo
balls without an insulative filler under the same loading condition. The diameter of piezo balls is
equal to the height of the piezo curved roof in Figure 6.8 (a) to maintain the same thickness of
the piezoelectric layer.
It can be seen from Figure 6.8 (b) that the critical electric potentials on the piezo ball
occur at the top and bottom points contacting the conductive layers and are much higher in
magnitude than those from the piezo cylinder or the piezo curved roof. The distribution of the
electric potential on the piezo ball is also uniform in most areas by taking advantage of the
spherical structure, as shown in Figure 6.8 (b).
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Figure 6.8: Outputs from FEMs of PZ-EHPS with two PZT element shapes under 88 N load.
Section 6.2.1 showed that adding a soft filler (e.g., with a stiffness of 3 MPa) among
piezo cylinders would not significantly affect the voltage output of the PZ-EHPS specimen. As
shown in Figure 6.9, however, adding a soft filler may significantly change the voltage output if
piezo ball or piezo curved roof is used as the PZT element. With a soft insulative filler, the PZEHPS specimen with piezo balls may produce the highest voltage electricity (55.05 V), as
compared to the other two (6.50 V and 6.12 V).
When the filler stiffness is increased to 30 GPa, the voltage output from PZ-EHPS
specimens drops to around 0.5 V under a load of 88 N at 1 Hz for any of the three PZT element
shapes, as seen in Figure 6.9. This result indicates that the approach of adjusting PZT shape to
increase its voltage output will turn invalid if the filler material is very stiff (e.g., 30 GPa in
stiffness).

85

Figure 6.9: Voltage outputs from different PZ-EHPS specimens with or without insulative fillers.
6.2.3 PZT Element Size
Under the same external load, the stress distribution on the PZT elements in the
piezoelectric layer generally changes when the PZT element size changes (e.g., adjusting the
bottom area of piezo cylinder or piezo roof or changing piezo ball into piezo ellipse). This study
aims to find a way of adjusting PZT element size to improve the voltage output from a PZ-EHPS
specimen while maintaining the same contact area between PZT elements and conductive asphalt
layers. For this purpose, two potential options were tried: adjusting the thickness of piezo
cylinder and changing the diameter of the piezo ball.
Considering the thickness limitation of each pavement layer regulated by pavement
design standards, this study only tested the piezo cylinder with its thickness varying up to 0.0625
m in FEMs. The minimum thickness of piezo cylinder was set at 0.0106 m, which was in
accordance with the thickness of piezo cylinders tested in the laboratory. The results are
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displayed in Figure 6.10. As can be seen, increasing the piezo cylinder thickness generally
improves the voltage output. This can be explained by the fact that increasing the PZT thickness
is equivalent to stacking more PZT cylinder elements (Wang et al., 2018). Figure 6.10 also
shows that the increasing rate of voltage output varies with filler stiffness: the lower the filler
stiffness, the higher the voltage output increasing rate. The increasing rate reaches up to 8.56
V/cm when the filler stiffness is 3 MPa, but drops to 0.64 V/cm when the filler stiffness
increases to 30 GPa.
For the piezo ball, three diameters (0.0106 m, 0.0236 m, and 0.0366 m) were tested in the
study. The results are shown in Figure 6.11. As can be seen, increasing the piezo ball diameter
decreases the voltage output when the filler stiffness is as low as 3 MPa. When the filler stiffness
is increased to 300 MPa, such a negative trend becomes insignificant. When the filler stiffness
increases to 3000 MPa or above, the voltage output drops to a level of 0.1 - 1 V and is virtually
indifferent to the piezo ball diameter.
These findings suggest two major shortcomings of the piezo ball design: (1) the ball size
limits the piezoelectric layer thickness; and (2) changing the ball size does not significantly
improve the voltage output when a stiff insulative filler is used.
Comparing the voltage outputs of PZ-EHPS specimens with piezo cylinders and piezo
balls of various sizes, it is safe to say that the piezo ball owns its advantage over the piezo
cylinder only when a soft filler is used in a thin piezoelectric layer, while the piezo cylinder may
fit a thick piezoelectric layer better than the piezo ball. Considering the balance between
structural performance and electricity generation of the PZ-EHPS, selecting tall piezo cylinder
elements seems to be a good design option.
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Figure 6.10: Voltage outputs from PZ-EHPS specimens having piezo cylinders with different
thickness.

Figure 6.11: Voltage outputs from PZ-EHPS specimens having piezo balls with different
diameters.
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6.3 Results from FEMs of PZ-EHPS Segments Under Traffic Conditions
Electrical outputs from PZ-EHPS specimens under harmonic loads only reflect the
performance of PZ-EHPS within a limit area under a particular loading situation of a specific
load at a constant frequency.
The performance of PZ-EHPS segments in the field under traffic condition is also
required to be explored before this PZ-EHPS is paved in the field for further evaluation. This
section discusses the results from FEMs of PZ-EHPS segments at the system level under
different traffic conditions.
6.3.1 Type of Piezoelectric Layer (Rigid or Flexible)
The voltage output from the PZ-EHPS with a rigid or a flexible piezoelectric layer can be
significantly different due to the difference in stress distributions in rigid and flexible materials.
Figure 6.12 and Figure 6.13 show the voltage outputs between different probe sets defined in
Figure 5.6 during the period when a two-axle vehicle enters and leaves one PZ-EHPS segment
with a rigid and a flexible piezoelectric layer, respectively. The length of this PZ-EHPS segment
is 12 m, and the speed of the moving vehicle is 20 m/s.
As can be seen from Figure 6.12 and Figure 6.13, each probe set captures total four
voltage peaks when the first and the second axle of the vehicle enter the PZ-EHPS segment at t1
and t2 periods, and then leave at t3 and t4 periods, respectively.
In the PZ-EHPS with a rigid piezoelectric layer, the probes at opposite ends of the PZEHPS segment capture opposite voltages and the ones closer to the PZ-EHPS segment center
capture lower voltages.
In the PZ-EHPS with a flexible piezoelectric layer, probes successively capture peaks of
the voltage output when the vehicle moves over them. Comparing the voltage outputs from the
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PZ-EHPS with a rigid piezoelectric layer and those from the PZ-EHPS with a flexible
piezoelectric layer, the former is significantly higher than the latter.
The voltage change rate observed in the PZ-EHPS with a rigid piezoelectric layer is also
much lower than that in the PZ-EHPS with a flexible piezoelectric layer. Since different voltages
are detected by probes at different locations of the PZ-EHPS segment, as displayed in Figure
6.12 and Figure 6.13, it is also clear to see that the electric potential is not evenly distributed at
any instant over the conductive layer.
Based on the uneven distribution of electric potential instantaneously generated from
traffic movement, transmission lines are suggested to better be set close to the edge of the PZEHPS segment in the latitudinal direction.

Figure 6.12: Open-circuit voltage outputs from a 12-meter PZ-EHPS segment with a rigid
piezoelectric layer under a moving load at 20 m/s.
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Figure 6.13: Open-circuit voltage outputs from a 12-meter PZ-EHPS segment with a flexible
piezoelectric layer under a moving load at 20 m/s.
6.3.2 PZ-EHPS Segment Length
The length of a PZ-EHPS segment may affect the magnitude of stress in pavement layers,
and therefore, influence its voltage output. This section explores such an effect by dividing one
12-m PZ-EHPS segment into two or four sub-segments. The minimum length of shortened subsegments is 3 m. The voltage output results from FEMs are shown in Figure 6.14.
As can be seen in Figure 6.14 (a) and Figure 6.14 (b), shortening the PZ-EHPS segment
with a rigid piezoelectric layer generally leads to an increase in the voltage captured by different
probe sets. When the segment length is reduced to a value close to the vehicle wheelbase, a high
voltage output, around 60 V, is constantly captured by probes in a series of PZ-EHPS segments.
The same constant voltage outputs can be detected in PZ-EHPS segments with a flexible
piezoelectric layer, as shown in Figure 6.14 (d). However, Figure 6.14 (c) shows that the voltage
outputs from shortened PZ-EHPS segments with a flexible piezoelectric layer may not generally
be improved.
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Figure 6.14: Open-circuit voltage outputs from PZ-EHPS with a) a rigid piezoelectric layer
divided into two segments; b) a rigid piezoelectric layer divided into four segments; c) a flexible
piezoelectric layer divided into two segments; d) a flexible piezoelectric layer divided into four
segments.
6.3.3 Vehicle Speed
To observe the effect of vehicle speed on the voltage output from the PZ-EHPS, the
speed of the moving vehicle in FEMs was increased from 20 m/s to 40 m/s. The FEM results are
presented in Figure 6.15.
Comparing the results from Figure 6.15 with those from Figure 6.12 and Figure 6.13, it
can be seen that a faster moving vehicle can lead to a higher voltage output from the PZ-EHPS,
with either a flexible or a rigid piezoelectric layer. It can be explained by the fact that a higher
vehicle speed causes a quicker stress change in the PZ-EHPS and therefore increases the voltage
output from the piezoelectric material.
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Figure 6.15: Open-circuit voltage outputs from PZ-EHPS under a moving load at 40 m/s with a)
a rigid piezoelectric layer; b) a flexible piezoelectric layer.
6.3.4 Vehicle Spacing
One concern over the feasibility of the PZ-EHPS is that two vehicles may simultaneously
load on one PZ-EHPS segment and produce opposite charges that will reduce the overall electric
output. For vehicles moving at high speeds (e.g., 30 m/s), they typically keep a headway of 2-3
seconds for safety (Green, 1999). Therefore, two adjacent vehicles generally will not be close
enough to load on the same PZ-EHPS segment, particularly when the segment is short (e.g., 3
m).
For vehicles moving at low speeds and on long PZ-EHPS segments, two adjacent
vehicles may load on the same segment. One case of such a scenario was analyzed by simulating
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two two-axle vehicles moving at a speed of 20 m/s and a spacing of 6 m over a 12-m PZ-EHPS
segment. The results are shown in Figure 6.16. As can be seen, probes captured first two peak
voltages at t1 and t2 periods when the first vehicle with two axles entered the PZ-EHPS segment.
Then probes captured second two peak voltages at t3 and t4 periods when the second vehicle with
two axles entered the segment. Two other groups of peak voltages were captured by probes when
the first vehicle left the segment at t5 and t6 periods and the second vehicle left at t7 and t8
periods.

Figure 6.16: Open-circuit voltage outputs from PZ-EHPS under two continuously moving traffic
loads with a) a rigid piezoelectric layer; b) a flexible piezoelectric layer.
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Figure 6.16 also shows that the voltage outputs generated by the second vehicle are less
than those generated by the first one. It can be explained by the fact that the compression stress
distribution from one vehicle load and the tension stress distribution from another vehicle load
on the same PZ-EHPS segment may be overlapped. Again, this negative effect caused by
multiple vehicles can be avoided by shortening the length of each PZ-EHPS segment.
6.4 Cost-effectiveness Analysis of PZ-EHPS
To weigh the benefit and cost of the proposed PZ-EHPS, a cost-effectiveness analysis
was performed based on the specific duration of its service life under specific traffic conditions.
A levelized cost of electricity (LCOE) was used as an indicator, which is expressed as follows:
the sum of costs over a lifetime per unit

LCOE = the sum of electrical energy produced over a lifetime per unit = W

C𝑝 +𝐶𝑖 +𝐶𝑐
𝑝 ×𝑁×365×𝑌

(6.1)

where, Cp is the cost of PZT elements per unit ($), Ci is the cost of installation per unit ($), Cc is
the additional cost from conductive asphalt mixture per unit ($), Wp is the energy output from
one unit of PZ-EHPS per vehicle (kWh), N is the number of vehicles per day, and Y is the
service life (year).
Since most flexible pavements are rehabilitated by milling and overlay when their
performance deteriorates below a threshold value, the PZ-EHPS can be added into pavement
layers during rehabilitation or reconstruction. Since the piezoelectric materials and conductive
materials are newly introduced into a regular pavement system, the sum of costs considered in
the LCOE includes only the costs from those two types of materials without any cost from
regular pavement construction materials. Moreover, since the electrical output from each
experimental specimen had been calculated and verified in this study, the specimen of 0.1 m
diameter was used as a unit of PZ-EHPS to be more conveniently evaluated by the LCOE.
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According to a study by Urquiza and Fernandez, the cost of piezoelectric elements per
square meter should be around $1,207 and the cost of their installation is $75/m2 (Urquiza and
Fernandez, 2016). For the cost of conductive materials, the market prices of steel wool and
graphite are approximately $19/kg and $31.6/kg, respectively. Thus, the sum of costs per unit of
the PZ-EHPS is approximately (1207 + 75) × π × (0.05)2 + 19 × 0.099 + 31.6 × 0.211 =
18.6 ($).
Assuming the average highway speed of vehicles is 65 mph (29 m/s), its corresponding
load frequency can be 24 Hz (value of velocity divided by 1.2) (Sun and Duan, 2013). Based on
the electromechanical model developed in this study, the electric power from a unit of PZ-EHPS
can be around 22.2 mW under the frequency of 24 Hz, and approximately 0.001 J (2.78×10-10
kWh) of energy output can be generated from one tire rolling over the PZ-EHPS at a speed of 65
mph. The LCOE of the PZ-EHPS can be expressed as:
18.6

LCOE𝐸𝐻𝑃𝑆 = 2.78×10−10 ×𝑁×365×𝑌

(6.2)

In Eq. (6.2), the traffic volume on the roadway network can be as high as 3×105 per day in some
states—for example, 319,000 in Florida (FDOT, 2015). The expected service life of the PZEHPS can range from 5 to 15 years (Xiong, 2014; Urquiza and Fernandez, 2016). Thus, the
LCOE of the PZ-EHPS paved on a high-volume roadway section can vary from $3.83/kWh to
$11.45/kWh depending on its actual service life. Although the LCOE of the PZ-EHPS is higher
than that from fossil-powered power plants ($0.15/kWh–$0.30/kWh), the PZ-EHPS can be built
as an off-grid power system in the roadway and provide a more convenient way to supply clean
energy to infrastructure or even electric vehicles in a modern transportation system. Meanwhile,
the PZ-EHPS has plenty of room for improvement to decrease its LCOE via improving its power
output, decreasing its cost, or extending its service life.
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6.5 Discussions
The three-degree-of-freedom electromechanical model of PZ-EHPS investigates design
parameters of PZ-EHPS in two general dimensions: mechanical properties of the conductive
asphalt mixtures (e.g., resilient modulus and damping ratio), and electromechanical properties of
the PZT disk (e.g., piezoelectric stress constant and capacitance). As results, increasing the
stiffness of conductive asphalt mixture layers inside the PZ-EHPS can reduce the electrical
output from the PZ-EHPS. Meanwhile, decreasing the viscosity of the conductive asphalt
mixture cannot sufficiently improve the efficiency of the PZ-EHPS at either 1 Hz or 30 Hz load
frequency, although more damping means more energy loss. For the piezoelectric and electrical
properties of the PZT elements, using piezoelectric elements with higher piezoelectric stress
constant can improve the electrical outputs linearly from the PZ-EHPS. On another side,
increasing capacitance may exponentially decrease the electrical outputs from the PZ-EHPS if
the piezoelectric stress constant is sufficiently large, which means that the piezoelectric stress
constant and the capacitance of each piezoelectric element interact with electrical outputs from
the PZ-EHPS. Considering that it is difficult to practically decrease the natural frequency of a
piezoelectric element to match traffic load frequency to produce a higher electrical output from
the PZ-EHPS, the results from the electromechanical model also indicate that adding more
piezoelectric elements inside the PZ-EHPS can be an option for the PZ-EHPS to produce higher
electrical output if the vibration frequency is very low (1 Hz).
To study some detailed design parameters of PZ-EHPS (e.g., geometric design of
piezoelectric element, and selection of insulative filler inside piezoelectric layer), a series of
FEMs on PZ-EHPS specimens were developed in this study. It was found that adding an
insulative filler with high stiffness (3 ~ 30 GPa) into the voids among PZT elements generally
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reduces the voltage output of a PZ-EHPS specimen from a high level of 10 ~ 100 V to a low
level of 0.1 ~ 1 V. Considering the size of PZT elements of different shapes, the design of piezo
ball has its significant advantage in producing high electricity (up to 85 V) only when the
insulative filler is soft (3 MPa in stiffness) and the piezoelectric layer thickness is less than 0.04
m. Otherwise, since increasing the piezo cylinder thickness generally improves the voltage
output, the piezo cylinder is more appropriate for a thick and stiff piezoelectric layer than the
piezo ball, with a high voltage output up to 50 V from the PZ-EHPS specimen. Thus, for a
piezoelectric layer with piezo cylinder elements and a soft insulative filler, its thickness may be
increased to the extent limited by other design and construction limits.
Another series of FEMs were built to simulate the operation of PZ-EHPS under traffic
conditions. It was found that, in general, the voltage outputs from the PZ-EHPS with a rigid
piezoelectric layer are higher than those from the PZ-EHPS with a flexible piezoelectric layer.
Since the critical electric potential is observed in the area near the edge of each PZ-EHPS
segment, to efficiently carry the electric power from the conductive asphalt layers to an external
storage device, transmission lines should be installed closer to the PZ-EHPS segment edge in the
longitudinal direction. Shortening the length of PZ-EHPS segments with a rigid piezoelectric
layer increases the voltage output. When the segment length is close to the vehicle wheelbase,
constant high voltage output may be captured along a series of PZ-EHPS segments. Therefore,
dividing the PZ-EHPS into short segments, which is closer to the typical wheelbase of vehicles,
can not only increase the electric potential over each segment but also avoid multiple vehicle
loads on the same segment. For the impact of traffic conditions, higher vehicle speed leads to a
higher voltage output from the PZ-EHPS. With consecutively moving vehicles, the voltage
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output due to the second vehicle may be weakened by the first vehicle if the two vehicles land on
the same PZ-EHPS segment.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORKS

7.1 Summary of Contributions
Most current energy harvesting pavement designs follow a mode of “inserting off-theshelf functional devices into a pavement” to collect an unusable energy (e.g., kinetic energy from
vehicles, solar energy from solar radiation) from pavements and convert it to a usable form, such
as electrical energy, using some functional materials (e.g., piezoelectric material, semiconductor
material). However, this mode of energy harvesting pavement design may dramatically and often
negatively change the traditional structure of pavements, replace traditional paving materials,
affect the basic service performance of pavement, and even shorten the service life of a
pavement. This dissertation work proposed a new design concept of energy harvesting pavement
to avoid any of the above “side-effects”: pavement structure shall be only fine-tuned while
maintaining its layered structure and its energy harvesting function shall be acquired only from
functional paving materials. Based on this design concept, a piezoelectric-based energy
harvesting pavement system (PZ-EHPS), consisting of one piezoelectric layer and two
conductive asphalt layers, was innovatively developed in this study.
To confirm the feasibility of the PZ-EHPS design, a series of PZ-EHPS specimens were
fabricated in the laboratory. Three conductive asphalt mixture specimens of different grades (i.e.,
DGAC, SMA-12.5, SMA-19) were prepared as conductive layers, and PZT disks with or without
POP were constructed as the piezoelectric layer. As results, a stable or unstable voltage output
from those specimens under the loading from a MTS was successfully captured using an ADC.
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For the conductive asphalt mixtures used in the PZ-EHPS specimen, it was found that the
conductive SMA-12.5 mixture had a better overall conductance with less average resistance
(8.57 kΩ) and smaller deviation (5.31 kΩ) based on the repeated measurements. This finding
confirmed that, comparing to the other two mixture fabrications, fabricating a conductive SMA12.5 mixture by a manual mixing process is more feasible. For the piezoelectric layer design,
filler plays an important role in the performance of the PZ-EHPS specimen: a stiff filler may
cause a poor contact condition between the PZT disks and the conductive asphalt mixtures and
then weaken the voltage output from this PZ-EHPS specimen. For the PZ-EHPS specimens with
POP filler, only the one with conductive DGAC mixture can produce a stable voltage output at a
level between 0.01 ~ 1 V. After removal of the POP from the PZ-EHPS specimen, its voltage
output was increased to a level around 10 V under the same overall stress.
Then, a three-degree-of-freedom electromechanical model and a series of finite element
models were developed to simulate the operation of PZ-EHPS specimens in the laboratory and to
study the design factors of the PZ-EHPS at the component level (e.g., viscoelastic property of
conductive asphalt mixture, piezoelectric property of piezoelectric element, geometric design of
piezoelectric element, and selection of insulative filler inside piezoelectric layer). The results
from those two models matched the voltage output from PZ-EHPS specimens measured in the
laboratory. Considering that the proposed PZ-EHPS needs to operate on a large scale in the field,
another series of finite element models of the PZ-EHPS segment were further built to simulate its
operation under traffic conditions (e.g., vehicle speed and vehicle spacing) with some design
parameters at the system level (e.g., length of each PZ-EHPS segment, overall stiffness of
piezoelectric layer).
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As results, all design parameters of PZ-EHPS studied in this dissertation work can be
categorized into three parts. First one is related to the mechanical property of each component in
the PZ-EHPS. Under the three-degree-of-freedom vibration of this three-layer structure,
decreasing the stiffness of upper and bottom conductive asphalt layers can increase the voltage
output from the PZT disks without a filler in the middle layer. After adding a stiffer filler, more
stress will be distributed to the filler, which indirectly weakens the electrical voltage from the
piezoelectric layer. If the piezoelectric layer is paved with a piezoelectric composite, a rigid
piezoelectric layer can produce a higher voltage output than a flexible one.
The second one is related to the electrical and piezoelectric property of the piezoelectric
materials. A piezoelectric material with higher piezoelectric stress constant can produce higher
voltage output under the same load. However, when the piezoelectric stress constant is large
enough, the capacitance of each PZT disk can negatively affect the voltage output from the PZEHPS.
The third one is about the geometric design and arrangement of the piezoelectric layer. At
the component level, to reach the maximum electrical output from the three-layer structure under
three-degree-of-freedom vibration, considering that the natural frequency of a piezoelectric
element typically does not match traffic load frequency, the limitation of decreasing the natural
frequency of a PZT disk to produce higher electrical output from the PZ-EHPS can be
compensated by adding more PZT disks inside the PZ-EHPS under very low frequency (1 Hz)
vibration. For the shape design of the piezoelectric element, a thin piezoelectric layer with piezo
ball elements and a low stiffness insulative filler has the significant advantage of producing up to
85 V electricity. Piezo cylinder elements may fit a thick and stiff piezoelectric layer better than
the piezo ball and lead to a high voltage output up to 50 V. At the system level, dividing the PZ-
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EHPS into short segments can not only increase the electric potential over each segment but also
avoid multiple vehicle loads on the same segment. Thus, the length of each PZ-EHPS segment
should be set closer to the typical wheelbase of vehicles.
The results from the electromechanical model and the FEMs also indicated that, since a
higher vehicle speed leads to a higher voltage output from the PZ-EHPS, the PZ-EHPS would be
more efficient for highways where the speed limit is high. Moreover, the amplitude of external
force, which is mainly determined by the weight of a vehicle, is proportional to the amount of
voltage output from the PZ-EHPS. From the perspective of cost-effectiveness analysis of the PZEHPS, traffic volume on a specific roadway section can decide the total power generation from
the PZ-EHPS set on that section. Thus, the ideal roadway section for applying the PZ-EHPS may
also have a high traffic volume with a high percentage of heavy vehicles.
Based on the electromechanical model of the PZ-EHPS specimen in the laboratory, after
optimizing the PZ-EHPS prototype by adding more piezoelectric elements with higher
piezoelectric stress constant and improving the flexibility of conductive asphalt mixtures, the
maximum electric power from the proposed PZ-EHPS can be increased from approximately
1.2 mW to 300 mW under a high frequency (30 Hz) external vibration. The levelized cost of
electricity of this PZ-EHPS can be $19.15/kWh on a high-volume roadway with a 15-year
service life.
7.2 Future Research Directions
The major design concept of the PZ-EHPS will remain in its further development: its
structure shall be simply layered, and its energy harvesting function shall be based on welldeveloped multifunctional paving materials. The main direction of developing the PZ-EHPS
should be the sought of new piezoelectric composites, consisting of piezoelectric materials,

103

asphalt binder, fine aggregates, and conductive additives, with longer service lives. The biggest
challenges will be the development of a reasonable formula of the piezoelectric composite, a
practical fabricating procedure dealing with bulk and nano materials, and a proper and safe
poling method to polarize the piezoelectric composite. Moreover, additional functions with
benefits from the PZ-EHPS can be further explored, such as deicing pavement by connecting top
and bottom conductive asphalt layers to generate a short circuit to consume the electric power to
form thermal energy, performing self-healing when microcracks are detected in the layers, or at
least, detecting traffic conditions as a large-scale sensor system.
Based on the same design concept, another direction of future research on energy
harvesting pavements is transforming the pavement into a solar collector on a large scale and
generating electricity using semiconductors based on the Seebeck effect. As we know that, solar
radiation absorbed by dark pavement surface is mostly unutilized, which may lead to a negative
impact such as heat island effect in urban areas. Through utilizing a significant temperature
difference between hot pavement surface and cool pavement subgrade, electricity can be
generated by thermoelectric materials (e.g., semiconductor), and simultaneously, the temperature
on pavement surface can be reduced. When the temperature drops in the winter, such energy
harvesting pavement can also be heated relying on a reverse Seebeck effect, just like the working
principle of a thermoelectric refrigerator.
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